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Lithium ion batteries (LIBs) have been widely used to power portable electronic 
devices, such as mobile phones, digital cameras, laptop and other electronic devices due to 
their high energy density with high power density compared to other electrochemical systems. 
However, the employment of LIBs in large scaled energy storage systems, such as electric 
vehicles, requires not only severe standard on safety and reliability, but also 2-5 times more 
energy than the present technology can offer. To satisfy this demand, all-solid-state lithium 
batteries (ASSBs) employing inorganic solid electrolytes (ISEs) show promise of a new 
criterion shift in energy storage technologies. Introduction of ISEs offers many advantages over 
conventional LIBs. Foremost, lithium metal can be used as the anode along with a high voltage 
cathode to boost energy density. Secondly, removal of flammable liquid electrolyte greatly 
improves the inherent safety and life time of batteries. Among various ISEs, garnet-type 
Li7La3Zr2O12 (LLZ) is a superior candidate because of its high ionic conductivity (3 × 10
−4 
S/cm) and good stability against Li metal and as well as air. However, garnet-type solid 
electrolytes generally have poor contact with Li metal, which causes high charge transfer 
resistance (RCT) and uneven current distribution at the interface. In addition, it has been 
recognized as a serious problem that lithium penetrate the solid electrolytes during lithium 
deposition on the negative electrode, which causes short circuit. 
In this view, this thesis primarily focuses on understanding the charge transfer 
resistance between Li and Li6.5La3Zr1.5Ta0.5O12 (LLZT) solid electrolyte, and investigation on 
prevention of lithium growth in LLZT for the application of ASSBs. This thesis demonstrates 
various interface structure between Li and LLZT solid electrolytes investigated by means of 
electrochemical impedance spectroscopy on symmetric cells. In addition, a correlation between 
the pellet structure and short-circuit prevention was investigated. A brief discussion of the 
contents and highlights of the individual chapters are described below: 
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This thesis is organized with seven chapters.  
Chapter 1 deals with the importance, motivation, and overview of this thesis. 
Chapter 2 covers the oxide-based solid electrolytes and highlights their advantages and 
drawbacks in application to all-solid-state battery. 
Chapter 3 provides typical the methodologies and experimental procedures used in this thesis. 
Three following chapters (Chapters 4-6) are included in this thesis.  
Chapter 4 demonstrates RCT between Li and LLZT solid electrolytes. Surface morphology of 
obtained LLZT pellets was examined by using SEM and SPM. Interface structure between Li 
and LLZT solid electrolyte was investigated by means of electrochemical impedance 
spectroscopy on symmetric cells of Li | LLZT | Li. RCT between Li and LLZT was investigated 
using LLZT pellets with various roughness. The obtained results suggest that RCT was saturated 
for rougher surfaces of LLZT. To prepare interfaces with large effective contact area, Li 
electrodes were deposited on a LLZT pellet by vacuum-evaporation, which exhibits RCT was 
further decreased. 
Chapter 5 investigates the influence of effective contact area on short circuit prevention. In 
this study, two types of symmetric cells were prepared: one is Li | LLZT | Li and second Li | 
Li (ve) | LLZT | Li (ve) | Li. This study reports on interface stability between Li and LLZT 
pellets by applying direct current polarization on symmetric cells. In the cell, Li | LLZT (#4000) 
| Li with a smooth interface, the overpotential gradually increases with increasing current 
density, and the cell eventually short-circuit at 0.2 mA cm−2. However, overpotential was stable 
up to 0.3 mA cm−2 for the Li | Li (ve) | LLZT (#4000) | Li (ve) | Li cell, and short-circuited at 
0.4 mA cm−2. In contrast, cycling under the same operation conditions the Li | Li (ve) | LLZT 
(#400) | Li (ve) | Li cell exhibited same critical current density except with voltage fluctuation. 
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These results suggest that effective contact area reduces local current density around the 
electrodes, and thus prevent short circuit at higher current density. 
Chapter 6 discusses the detailed investigations of lithium growth through the LLZT pellets, 
which were modified with Li2CO3 and LiOH. Prepared pellets exhibited similar properties: 
relative density of ca. 96% and total ionic conductivity of 7 × 10−4 S cm−1 at 25°C. However, 
they exhibited different tolerance on the short circuit: the LLZT pellets prepared from LLZT 
powders modified with LiOH exhibited rather high critical current density of 0.6 mA cm−2 
when short circuit occurred. On the other hand, LLZT powders with no modification layers 
resulted in pellets showing low critical current density of 0.2 mA cm−2. Microstructural 
analyses by means of SEM, STEM and EIS suggested that lithium grows through 
interconnected open voids, and revealed that surface layers such as Li2CO3 and LiOH not only 
plug voids but also facilitate the sintering of LLZT to suppress the lithium growth through the 
LLZT pellets. 
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Chapter 1. General Introduction 
 
1.1 Introduction  
Energy is the most fundamental factor of human activities. Nowadays, our society relies 
on fossil fuels for energy generation. However, rapid depletion of fossil fuels and growing 
environmental concerns create serious scientific and technological challenges to address the 
increasing global demand for energy. In this respect, development of sustainable clean energy 
technologies is needed to address this inevitable challenge [1-2, 9]. This has led to increased 
attention in the revolution of renewable energy sources, including hydroelectric power, wind 
turbines, and solar power [3-6]. Though these sources are theoretically infinite, the energy 
harnessed from them has to be stored for later use, which presents a potential issue. In this 
regard, storing energy within electrochemical systems, such as batteries [7-12], fuel cells [13-
15], and supercapacitors [16, 17] is one solution to the energy storage needs, while addressing 
the concerns raised by pollution. Thus, electrochemical energy conversion is one of clean and 
green process, which attracts considerable attention as a promising route for energy storage [9, 
18].  
This chapter describes an introduction to various electrochemical energy systems with 
emphasis on batteries. Following a general discussion on electrochemical power devices, 
various facets of rechargeable lithium-ion batteries are presented. Next generation Li-ion 
batteries, such as Li-sulfur and Li-air are also described. Furthermore, fundamental problems 
and advantages of all-solid-state battery with inorganic solid electrolytes will be discussed. 
 
1.2 Batteries  
Batteries are devices that convert chemical energy into electrical energy by means of 




invented the first battery which came to be known as the Voltaic pile. It consists of a series of 
copper and zinc discs separated by card boards moistened with diluted sulfuric acid. The key 
components of a battery includes the electrolyte (ionic conductor), an anode (negative 
electrode), and a cathode (positive electrode). Batteries are rated in terms of their average 
voltage and ampere-hour capacity. The voltage rating is based on the number of cells connected 
in series and the average voltage of each cell. [19, 20]. In general, batteries can be classified 
into two groups: (1) primary (non-rechargeable) and (2) secondary (rechargeable) batteries. In 
the subsequent sections, I briefly discuss some of the salient features of primary and secondary 
batteries.  
 
1.2.1 Primary Batteries  
Primary batteries are non-rechargeable battery and they are assembled in charged 
condition. They contain only a fixed amount of the reacting compounds and are discharged 
only once i.e., when the reactants of the electrodes are completely converted into products, the 
battery is no longer useful and it has to be discarded [21]. Primary batteries are the most 
common batteries available today, because they are usually inexpensive and lightweight source 
of packaged power for portable electronic and electric devices. They possess very low self-
discharge rate and high energy density at low moderate discharge currents, require minimum 
maintenance and are easy to use.  The main three kinds of primary batteries are zinc-carbon, 
alkaline, and lithium [21, 22]. Since they are using paste or gel electrolyte (no free liquid) in 
them, they are often referred to as dry cells. Zinc-carbon dry cells and alkaline cells dominate 
portable consumer battery applications where currents are low and usage is occasional. Other 
primary batteries, such as those using mercury or lithium-based chemistries, may be used when 





1.2.2 Secondary Batteries 
Secondary batteries are rechargeable batteries that consist of reversible cell reactions that 
allow them to recharge through the work done by passing electric current (Figure 1.1) [24]. In 
secondary batteries, charge and discharge processes should be reversible hundreds or even 
thousands of times. Rechargeable batteries offer main of advantages over primary batteries, 
such as cost savings (as they can be recharged rather than replaced) and offer performance 
benefits. [18, 24, 25].  Furthermore, the resulting environmental friendliness is also considered 
to be one of advantages. Some of the well-known examples of rechargeable batteries are: lead-
acid (Pb-acid), nickel-cadmium (Ni-Cd), nickel-metal hydride (Ni-MH) and lithium-ion 
batteries (LIBs) [24, 25]. Table 1.1 shows various rechargeable batteries in terms of volumetric 
and gravimetric energy densities [18, 26-29]. Today, the Pb-acid batteries are being used in 
almost every vehicle to start internal combustion engine because of their high power and low 
cost, but energy density is relatively low due to their heavy weight and large volume. For low 
power electronic devices, Ni-Cd batteries are most suitable. These batteries have a higher cell 
energy capacity (higher total energy) than other batteries and could be charged and discharged 
for multiple cycles without large diminishing capacity. However, these cells tend to self-
discharge up to 20% per month, tend to output a decreased voltage if not recharged to a full 
state of charge (memory effect), and are more expensive than other batteries. Therefore, they 
are being replaced with more environmentally friendly nickel- Ni-MH batteries which exhibit 
a cell voltage of 1.2 V [18, 25]. Among the various secondary batteries, Li-ion batteries have 
gained considerable interest in recent years in terms of highest specific energy, cell voltage, 

















Figure 1.1. Electrochemical operation of battery: (a) discharge and (b) Charge process.  
 
 
Table 1.1. Various characteristics of common secondary battery technology, which are based 
on cell chemistry. 
 
Battery type   Pb-acid     Ni-Cd      Ni-MH   LIB     
 
Voltage (V) 2.1 1.2 1.2 3.6-3.7 
 











180 150 250-1000 250-340 
 
Cycles 500-800 2000 500-1000 400-1200 
 




1.3 Introduction to Lithium-ion Batteries 
In this section, I will discuss a brief introduction of the basic parts and working 
principles of LIBs, and their advantages and problems. 
LIBs, as one of the most advanced rechargeable batteries, are attracting much attention 




phones, notebooks, tablet PCs, and hybrid cars [26, 27, 29]. The history in Li-ion technology 
start with the idea of Li metal being used as the source of energy in a battery because of its low 
weight, high electrochemical potential of lithium and stability in nonaqueous electrolytes [30]. 
The first attempt of lithium batteries was introduced by M. S. Whittingham during his work for 
Exxon in the early 1970s based on experiments by G.N. Lewis in 1912 [31]. In the full cell, 
TiS2 (cathode) and metallic lithium (anode) were used. Already in this approach one major 
problem occurred that still presents a major challenge in today’s research. It is well known that 
Li is highly reactive such that in liquid electrolyte it reacts spontaneously with solvent 
molecules and salt anions to form an insoluble layer of solid-electrolyte interphase (SEI). The 
SEI reduce the battery capacity during each charge/discharge cycle. Moreover, continuous 
charge and discharging of lithium may induce uncontrollable dendritic Li growth, which in 
turn, leads to internal short circuits, failure, and eventually explosions [32, 33]. Therefore, the 
inherent safety issues of using Li metal as the anode led to the development of graphite 
intercalation materials in the late 1970s by Basu and co-workers, Yazami and coworkers [34, 
35]. At the same time, Goodenough and Muzishima published a report using LiCoO2 as a stable 
intercalation cathode that can reversibly hold Li ions [36]. These inventions laid the basis for 
the modern Li-ion battery, leading to its commercialization by Sony in 1991 [37]. Since then 
these cells are found in most of today’s electronic devices. The performance of Li-ion batteries 
depends intimately on the properties of the materials used for the electrodes.  
 
1.3.1 Basic Overview and Working Principles of Lithium-ion Batteries  
The principle of the LiBs is based on the reversible insertion and extraction of lithium 
ions into and out of active materials on an anode and a cathode through electrochemical 




electrodes (anode and cathode) which are electronically connected through an external circuit 
and ionically connected through the internal circuit (an electrolyte) [38, 39].  
A typical example of a lithium-ion battery with a LiCoO2 positive electrode and a 
graphite negative electrode are separated by a membrane made of polypropylene/polyethylene 
filled with an organic electrolytes (LiPF6 dissolved in organic solvents). The separator prevents 
the electrical contact between the electrodes and, at the same time, it allows the diffusion of 
Li-ions from cathode to anode during the charging and the reverse discharging process. 
Charging the cell involves extraction of Li-ions from LiCoO2 cathode into the electrolyte and 
insertion of these ions into graphite. Discharge reverses the process: moving the Li-ions out of 
graphite and reforming LiCoO2. Equivalent number of electrons pass through the external 
circuit. The schematic representation of a Li-ion cell indicating the electrochemical processes 
during charging and discharging is provided in Figure 1.2. Equations (1.1) − (1.3) represent the 
corresponding electrochemical reactions at the cathode, anode, and overall reaction, 
respectively [38, 40].  
 
The theoretical standard cell voltage (Ecell) can be calculated by using the difference 
between the standard electrode potential at the cathode (Ecathode) and the standard electrode 
potential at the anode (Eanode):  





























The main parameters that determine the electrochemical performances of a LIB are cell 
voltage (V), specific energy density, rate capability and cycling ability. Energy density 
describes the ability of hosting lithium ions, with units of Wh/kg or Wh/L, representing the 
energy stored per mass or volume. High energy density is critical for the application to light 
and small power sources in portable electronic devices and hybrid vehicles. The specific rate, 
with units of A/kg or A/L, is crucial when large current is required, as in hybrid vehicles and 
large power devices. The rate capability is mainly determined by both the electric conduction 
in electrodes and ionic conduction or migration in electrodes, electrolyte, and across the SEI. 
The operating current is often expressed as C-rate such as 1C, 2C or 0.1C etc., where C stands 
for the current density that will charge or discharge an electrode to its theoretical capacity in 1 
hour. 
 
1.3.2 Pros and Cons of Lithium-ion Battery Systems  
There are many advantages for using LIBs compared to other battery systems. First, 
they have higher energy densities than other batteries such as Ni-Cd and Ni-MH.  This means 
having high energy density without being too bulky. LIBs can operate at a high average voltage 
of typically about 3.7 volt, which is much higher than those of Ni-Cd, Ni-MH and Pb-acid 
batteries. This means a single cell can be used instead of multiple cells [25, 27].  Second, LIBs 
have a superior cycle life, exceeding 1000 cycles; low self-discharge (8-12% per month), and 
long shelf lives. There is also no memory effect and thus, they can be recharged at any time 
[26, 38]. Despite their technological promise, LIBs still have a number of shortcomings, 
particularly with regards to safety. The flammable organic solvent based electrolytes possesses 
poor chemical stability that can cause explosion [41, 42]. For this reason, replacement of the 




by preventing the risk of liquid electrolyte leakage and improving the thermal stability and 
cycle life [43-45]. 
 
1.4 Next-Generation of Batteries 
LIBs have become prominent over the past two decades, particularly for portable 
electronics, as they offer much higher energy density than other rechargeable systems. [7, 38]. 
However, the employment of LIBs in hybrid electric vehicles (HEVs), plug-in hybrid electric 
vehicles (PHEVs) and electric vehicles (EVs), needs from two to five times higher energy 
density than the present LIBs can offer [46]. In this regard, alternative energy storage systems 
based on alternative chemistries such as Li-air batteries [10, 47, 48] and Li-S batteries [12, 47, 
49] are intensively studied recently, as they theoretically show much higher specific energies 
(Wh kg−1) than LIBs. The Li-S chemistry shows a theoretical cathode capacity of 1672 mAh 
g−1 and gravimetric energy density of 2500 Wh kg−1, which is 5 times higher energy density 
than conventional LIBs. Li-O2 system shows further high specific capacity and specific energy 
by taking into account both oxygen and Li [1920 mAh g−1 and 5588 Wh kg−1 for 2Li + 1/2O2 
↔ Li2O, 1166 mAh g
−1 and 3615 Wh kg−1 for 2Li + O2 ↔ Li2O2, respectively] [10, 47, 50]. 
Despite their high energy density, however, both systems still suffer from a dendrite growth on 
the Li surfaces, which is described in section 1.3. 
 
1.5 Introduction to All-Solid-State Batteries  
 
Use of nonflammable solid electrolyte in lithium-ion batteries offers the possibility of 
avoiding the safety issues associated with conventional LIBs containing organic liquid 
electrolytes. In this respect, the replacement of currently used organic liquid electrolytes with 




The development of all-solid-state batteries (ASSBs) is very similar to that of their 
liquid-based counterparts, which has been described in the literature [54-57]. Just as for liquid-
based lithium-ion batteries, the first solid-state lithium-ion batteries were non-rechargeable. As 
early as 1972 the first results on primary solid-state lithium-ion batteries were published, based 
on metallic lithium anodes (doped), lithium iodide solid-state electrolytes and a metal-iodide 
based cathode [58]. ASSBs is similar to a liquid electrolyte battery except that it primarily 
employs a solid electrolyte. The parts of the solid state battery include the anode, cathode and 
solid electrolyte [59, 60]. They have a simpler structure than the traditional LIBs, and the 
simplified structure with a solid electrolyte enables higher energy density [61, 62]. Solid 
electrolytes not only conduct Li-ions but also serve as the separator. In ASSBs, no organic 
liquid electrolyte, electrolyte salt, separator, or binder is required, which dramatically 
simplifies the assembly process [63]. For these reasons, ASSBs based on ISEs are one of 
promising next-generation Li-ion batteries with intrinsic safety, high energy density, and 
enhanced cyclability.  
 
1.5.1 Working Principle of All-Solid-State Batteries  
Unlike liquid electrolyte lithium ion batteries, in which a liquid is utilized to facilitate 
lithium ion transfer across the cell, ASSBs rely on ionic conduction in solids in order charge 
and discharge cells. In the discharges process, lithium ions de-intercalate from the anode, 
migrate through the solid electrolyte, and intercalate into the cathode. At the same time, 
electrons move through an external circuit and do electrical work as shown in Figure 1.3. The 
charge process is just the reverse [64, 7]. For this process to work, ionic transport in the solid 












Figure 1.3. Schematic illustration of an all-solid-state lithium battery based on Li-ion 
conduction. 
 
1.5.2 Types of All-Solid-Sate Batteries  
ASSBs can be classified into two categories: thin film batteries and bulk solid-state 
batteries. In a thin film battery, each layer (current collector, electrodes and solid electrolyte) 
is fabricated by a thin film deposition technology [65-67]. Solid-state batteries made with thin 
film electrodes and thin film electrolytes are defined as ‘thin film solid-state micro-batteries’. 
The battery is deposited on a substrate with a total thickness of micrometers. Figure 1.4 shows 
the typical structure of a thin film battery. The thin film battery can be used in various fields 
such as chip memory backup, sensors, drug delivery systems, medical implantable devices, 
radio-frequency identification (RFID) tags, smart cards, and other low power portable devices 
[68, 69]. In a bulk solid-state battery, the solid electrolyte is not fabricated by thin film 
technologies and has a thickness of sub-millimeters to millimeters. Electrodes are similarly 
applied by a non-thin film route.  
Recently, great attention has been paid to bulk-type (or composite-type) ASSBs suitable 




shown in Figure 1.5, a critical feature of the bulk-type ASSBs is its composite electrode 
structure, in which the active materials, ISE powders, and the conductive materials, such as 
carbon, exist as particulate mixtures. Bulk-type ASSBs do not need any expensive vacuum 
























1.5.3 Inorganic Solid Electrolytes for All-Solid-State Battery  
ISEs are attractive for their application to ASSBs, because they are non-flammable and 
will give a fundamental solution to the safety issue associated with flammable organic 
electrolytes. In addition, most of the ISEs are single ion conductors. Lithium single ion 
conductors can have a lithium transference number of unity [51, 52]. As a result, there is no 
concentration gradient inside the cell while it is operating. This is very beneficial to the 
lowering of the cell over potential [72]. For these reasons, ASSBs with ISEs attract much 
attention as next-generation batteries. ISEs can be classified into: sulfide-type and oxide-type 
solid electrolytes. Sulfide-type electrolytes, such as Li2S-P2S5-LiI, Li2S-P2S5, Li2S-GeS2-LiI, 
thio-LISICON, and Li10GeP2S12 (LGPS) etc., are typical glass electrolytes for Li-ion solid-state 
batteries. These sulfide glasses usually have conductivity of 10−3 S cm−1 to 10−2 S cm−1 room 
temperature (RT) [73-78]. Another advantage of the sulfide systems is the favorable 
mechanical property which allows the formation of good solid/solid interfaces at RT simply by 
mechanical milling and pressing [71, 77, 78]. But most of them are not stable in air and need 
to be handled in a dry environment, because hydrogen sulfide is generated upon contact with 
moisture in the air.  
On the other hand, oxide-based solid electrolytes includes perovskite-type LLT 
(Li0.29La0.57TiO3) [79], garnet-type LLZ (Li7La3Zr2O12) [80], and NASICON-type LATP 
(Li1.3Al0.3Ti1.7 (PO4)3) [81] have been reported to exhibit total lithium-ion conductivities from 
10−6 to 10−3 S cm−1 at RT. Oxide-based solid electrolytes have advantages of high chemical 
stability and easy handling. However, to obtain dense oxide solid electrolytes and decrease 
their grain boundary resistances, high-temperature sintering is needed. Details about oxide-






1.6 Challenges in the Development of All-Solid-State Batteries 
ASSBs have experienced fast growing interest. Nevertheless, the understanding of 
interfacial reactions and cell architecture and performance are still at an early stage. One of the 
major challenges in the development of ASSBs is the large cell resistance, which strongly 
affects the battery capacity and cycle life. The resistance comes from the solid electrolyte, 
electrode/electrolyte interfaces, and electrodes. Therefore, to improve the power density of 
ASSBs, in-depth understanding of interface processes is required. 
The RT conductivities of most solid electrolytes are in the range from 10−3 to 10−8 S 
cm−1. The low conductivity will introduce a large resistance. To address this issue, a series of 
garnet-type structure compounds have been investigated as a novel family of fast lithium ion 
conductors in the last decades. Among them, Li7La3Zr2O12 (LLZ), which is first reported by 
Murugan et al. in 2007 [80], and their derivatives [82-85] have attracted increasing attention 
due to their chemical stability, good compatibility with lithium metal, high lithium ion 
conductivity, and wide potential window. Another source of the cell resistance is related to the 
electrode/solid electrolyte interfaces. The electrode/electrolyte interfaces in an ASSB are very 
different than the interfaces in a liquid electrolyte battery. In the case of conventional liquid 
electrolyte-based batteries, the entire surface of the electrode is covered by an electrolyte 
solution (Figure 1.6), which enables the electrochemical lithium (de)intercalation reaction to 
proceed readily over the whole interfacial region. In contrast, it is difficult to achieve close 
contact with a solid/solid interface (Figure 1.7) in ASSBs because of the hard, brittle 
characteristic of ISEs. Consequently, the resulting smaller electrode reaction area increases the 
interface resistance. Moreover, as cycling continues, the electrode will have volume or 
structure changes, which can result in a detachment problem at the interface. The detachment 
further decreases the contact area and increases the interface resistance. It is, therefore 
















Figure 1.7. Scheme of electrode/electrolyte interface in an ASSB. 
 
1.7 Scope of this Thesis  
Current LIB technology faces challenges to improve energy density and battery safety. 
Implementing lithium metal anodes would be a way of increasing energy density. Therefore a 
lot of research focuses on replacing the organic electrolyte by ISEs. Among several ISEs, 




electrochemical stability with metallic lithium as well as relatively high ionic conductivity. 
However, ASSBs using LLZ electrolytes is insufficient for practical use because of the problem 
of lithium growth through the ISEs at high current density. Another problem is the high 
resistivity of the Li/electrolyte interface in an ASSB. Therefore, in this thesis, I investigated 
the fundamentals of interfacial charge transfer resistance (RCT) between lithium metal and 
Li6.5La3Zr1.5Ta0.5O12 (LLZT) and short-circuit prevention.  
Other six more chapters are included in this thesis. A simple explanation of the 
individual chapters are given below: 
Chapter 2 covers the oxide-based solid electrolytes and highlights their advantages and 
drawbacks in application to all-solid-state battery.  
Chapter 3 provides typical methodologies and experimental procedures used in this thesis. 
Chapter 4 demonstrates RCT between Li and LLZT solid electrolytes. Interface structure 
between Li and LLZT solid electrolyte was investigated by means of electrochemical 
impedance spectroscopy. 
Chapter 5 investigates the influence of effective contact area on short circuit prevention. This 
study demonstrates on interface stability between Li and LLZT pellets by applying direct 
current polarization. 
Chapter 6 discusses the detailed investigations of lithium growth through the LLZT pellets, 
which were modified with Li2CO3 and LiOH. 
Chapter 7 concludes this thesis. 
 
1.8 Summary 
In summary, electrochemical energy conversion devices are pervasive in our daily lives. 
In this chapter, various types of storage batteries and their classification indicating advantages 




idea about the advantage and major issues of LIBs. However, intensified research is required 
to achieve next-generation Li-ion batteries. In this regard, the development of ASSBs is highly 
anticipated as well. A really breakthrough in the ASSBs enabled by ISEs. Especially, oxide-
type solid electrolytes have benefited from a series of relevant properties, such as non-
flammability, electrochemical stable with lithium metal, preventing lithium growth and a 
single-ion conduction mechanism, which make them the most promising electrolyte category 
for the next-generation of lithium metal batteries. However, the main problems of oxide-type 
solid electrolytes, the poor interconnection of the solid to solid electrode–electrolyte interface, 
which does not guarantee the full utilization of the electrode active materials, are not yet fully 
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Chapter 2. Oxide-based Solid Electrolytes 
 
2.1 Introduction  
Inorganic solid electrolytes (ISEs) satisfy most of the requirements for electrolyte 
materials [1-3]. Some solid electrolyte systems have displayed exceptionally high conductivity 
and negligible electronic conductivity [4-6]. The transference number of ISEs is very close to 
1. As a result, there is no concentration gradient inside the cell while it is operating. This is 
very beneficial to the lowering of cell overpotential [7]. Most importantly, ISEs for Li-ion 
batteries offer many advantages in comparison to their liquid electrolyte battery counterparts, 
such as a higher safety, a much higher electrochemical and thermal stability window, and 
higher chemical stability with a variety of different electrode materials [3, 8-11]. They have 
therefore the potential to enable higher energy densities of Li-ion batteries in the future.  
ISEs can be crystalline, amorphous (glass), or have mixed phases (glass-ceramic). They 
are categorized into two major groups. One is sulfide-based solid electrolyte group, which 
mainly consists of glass materials with relatively high plasticity. They have several advantages 
of higher ionic conductivities and ease to form framework structures. However, there is a 
serious problem to be solved. The sulfide-based solid electrolytes, particularly those with high 
Li-ion conductivity, easily react with water and generate toxic hydrogen sulfide gas. The other 
group consists of oxide-based solid electrolytes. Compared to the sulfide-based solid 
electrolytes, these kinds of solid electrolytes have good thermal and chemical stability and high 
mechanical strength, thus can easily be handled during manufacture and operation of devices. 
Moreover, oxide-based solid electrolytes are superior for their easier accessibility of raw 
materials. Accordingly, looking for appropriate solid electrolytes from oxide for future lithium-
based batteries has attracted ever increasing interests. This chapter covers the importance of 
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the oxide-type solid electrolytes and highlights their advantage and drawbacks in application 
to all-solid-state battery (ASSBs). 
 
2.1.1 Perovskite-type Solid Electrolytes  
The ideal perovskite structure with a general formula ABX3, cubic unit cell, and space 
group Pm3̅m (space group number 221), where A, and B are twelve and six-fold coordinate 
cations, respectively. Perovskite and related structures are extremely important solid state 
materials and have potential uses in a variety of applications such as cathodes in solid oxide 
fuel cells, high temperature super conductor and ferroelectrics [12-14]. In addition, perovskite-
type La2/3−xLi3xTiO3 (LLTO) solid electrolyte with high bulk lithium ionic conductivity (up to 










Figure 2.1. Crystal structure of LLTO. The marron, pink, sky blue and red spheres denote Li, 
La, Ti and O ions, respectively. 
 
Figure 2.1 represents the crystal structure of a LLTO perovskite, Univalent Li and 
trivalent La together occupy the A-sites in the perovskite-type framework supported by corner-
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sharing TiO6 octahedra. Lithium ions can diffuse by jumping in the ab plane to an adjacent 
vacancy through a square-planar bottleneck made of oxygen forming the corners of the 
octahedra.  
The highest lithium-ion conductivity in the perovskite family was found for 
Li0.34La0.56TiO3 with a total lithium-ion conductivity of 7 × 10
−5 S cm−1 and bulk ionic 
conductivity of 10−3 S/cm [19]. In addition to the tuning of the bottleneck size, changing the 
bond strength between the B-site cation and the oxygen has been suggested to influence the 
conductivity. However, this effect has been reported for a narrow concentration range of Ti4+ 
substitution by Al3+, which results in an increased conductivity [20]. In order to use perovskite-
type solid electrolytes in ASSBs, several key technical problems should be solved. First, the 
requirement of high sintering temperature is a key issue. The volatilization of Li2O occurs 
during sample preparation and leads to uncontrolled lithium content in the structure [3]. Second, 
the ionic conductivity of ceramics is much lower than that of single crystals due to blocking 
grain boundaries [21]. Finally, the Ti4+ cation undergoes reduction at the Li metal anode 
interface, causing an increase in the electronic conductivity [3], which is undesirable for solid 
electrolytes in ASSBs. 
 
2.1.2 NASICON-type Solid Electrolytes   
The NASICON framework, generally with a rhombohedral unit cell and space group 
R3̅c. The term NASICON, which stands for Na+ Super Ionic Conductor, was given to the solid 
solution phase of NaZr2(PO4)3, which was discovered by Hong and Goodenough [22]. The 
lithium-containing analogues, LiM2(PO4)3 (M
4+ = Zr, Ti, Ge and Hf) also have NASICON-type 
structures, with corner-sharing MO6 and PO4 polyhehra, forming 3D  pathways for Li
+ 
movement [23]. Among LiM2(PO4)3 structures, the systems with Ti exhibited high Li
+ 
conductivity (about 10−5 S cm−1 at room temperature) [24]. Crystal structure of LiTi2(PO4)3 as 
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shown in Figure 2.2. Lithium can occupy two different sites in the structure: 6-fold coordinated 
located directly between two TiO6 octahedra, and 8-fold coordinated located between two 
columns of TiO6 octahedra. Lithium migration occurs via hopping between these two sites, and 
partial occupancies of lithium ions on those two sites are crucial for fast lithium-ion conduction, 
especially as vacancies are required at the intersection of the conduction pathways to give 









Figure 2.2. Crystal structure of LiTi2(PO4)3. The marron spheres denote Li
+, and the light blue 
and purple polyhedral show TiO6 octahedra and PO4 tetrahedra, respectively.   
 
Great efforts have been made for maximizing the ionic conductivity of LiM2 (PO4)3 
structure, especially LiTi2(PO4)3-type structure. Partial substitution of Ti
4+ by Al3+ result in an 
improved conductivity for the series Li1+xAlxTi2-x(PO4)3, with the composition 
Li1.3Al0.3Ti1.7(PO4)3 showing the highest bulk conductivity of 3 × 10
−3 S cm−1 at room 
temperature (RT) [25]. Additionally, NASICON-type structure is typically stable with air and 
water and are stable at high electrode potentials [26, 27]. Due to their excellent Li+ conductivity 
and stability in air and water, NISCON-type solid electrolytes have been applied to 
electrochemical energy storage devices, such as ASSBs [28] and lithium/air secondary batteries 
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[29]. However, similar to perovskite-type, LiTi2(PO4)3-based solid electrolytes are unstable 
towards Li metal due to the facile reducibility of Ti4+ [3, 30]. Thus an interlayer between the 
lithium and LiTi2(PO4)3-based solid electrolyte is required to prevent the reduction of Ti
4+.  
 
2.1.3 LISICON-type Solid Electrolytes  
One of the early crystalline lithium ion conductors was based on an oxide compound of 
lithium zinc germanium, Li14ZnGe4O16, which was reported by Hong [31]. This type of 
crystalline ion conductor is referred to as LISICON (lithium superconductor). Its one member 
of Li2+2xZn1−xGeO4 system and can be viewed as a Li4GeO4–Zn2GeO4 solid solution [32, 33]. 
This series contains interstitial lithium ions over the range – 0.36 < x < + 0.87 but its extent is 
very temperature dependent.  
The ionic conductivity of LISICON-type solid electrolytes are relatively low (about 
10−6 S cm−1 at RT). The ionic conductivity tends to reduce with time at low temperature in 
LISICON-type structures. This can be explained by the occurrence of phase segregation that 
appears to be driven by the formation of Li4GeO4, which is trapping the mobile lithium ions by 
the immobile sub lattice at lower temperatures [32, 34]. Although ionic conductivity of 
Li14ZnGe4O16 is as high as 0.125 S cm
−1 at 300°C, it is only 10−7 S cm−1 at RT [33]. 
Furthermore, Li14ZnGe4O16 is highly reactive with Li-metal and atmospheric CO2 [2]. Use of 
LISICON-type solid electrolytes are therefore impracticable because of its low conductivity at 
room temperature as well as its reactivity with Li metal. But, they can be good candidates for 







2.1.4 Garnet-type Solid Electrolytes  
Garnet-type structure has a general formula of A3B2(XO4)3, where A, B and X are eight, 
six and four oxygen-coordinated sites, respectively. The ideal garnet-type structure crystallizes 
in cubic symmetry with a space group of Ia-3d. Kasper reported the first lithium-containing 
garnet compound series Ln3Te2Li3O12 (Ln = Lanthanides) with the ideal garnet stoichiometry, 
8 cations per formula unit, where Li fully occupies the tetrahedral sites [36]. The ionic 
conductivity of Li3 garnets, however, is low (10
−8 S cm−1) due to the tightly bound tetrahedral-
site Li+ ions [37, 38]. Regarding the Li ionic conduction mechanism in garnets, Cussen and co-
workers concluded that the observed displacements were associated with the high mobility in 
octahedral sites caused by static repulsion originating from the short Li–Li distance, rather than 
dynamic processes [39]. The movement of Li ions through the structure would involve 
considerable local relaxation and rearrangement, so a complex cooperative mechanism would 
be needed to achieve the desired ionic conduction [39, 40, 41].  Later on, Weppner et al. [9, 
42-44] discovered that the lithium rich garnet-related compounds. The early work focused on 
chemical compositions of Li5La3M2O12 (M = Ta, Nb) and doped compositions of 
Li6ALa2M2O12 (A = Ca, Sr, Ba). The conductivity of these phases is in the range of 10
−6 cm−1 
to 10−5 S cm−1 at RT. These type of garnets typically contain 5 to 7 Li atoms per formula unit, 
and are referred to as Li-rich garnets: that is, they contain more Li than the number of 
tetrahedral sites, leaving excess Li which occupy the octahedral sites in the garnet structure 
[40]. First, Mazza et al. proposed that the space group for Li5La3M2O12 is Ia-3d from the X-
Ray diffraction analysis [45, 46]. However, a different space group, I213 was proposed by 
Hyooma et al., which has less symmetry [47]. Later on, Cussen et al. [48] confirmed by 
diffraction studies that garnet structure has a space group of Ia-3d.  
Since the total ionic conductivity of Li5La3Ta2O12 (10
−6 S cm−1) is almost two orders of 
magnitude lower than that of the bulk ionic conductivity (7 × 10−5 S cm−1). Therefore, 
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investigations were done to reduce the ionic conductivity. In this regard, the garnet structure 
can be modified by doping different elements to further increase the ionic conductivity to 10−4 
S cm−1. Generally speaking, by doping larger ionic radii elements, the lattice parameters 
increase, and thus, Li ions can move easier and faster in the crystal structure. In addition, some 
doping elements can introduce interstitial ions and vacancies to increase the mobility of Li ions.  
Following the discovery of garnet structured Li5La3M2O12, various researches have 
been attempted to improve ionic conductivity with various doping elements. 
 The total conductivity of 4 ×10−5 S cm−1 and 4 ×10−6 S cm−1 was obtained at room 
temperature by substitution of La3+ by Ba2+ and Sr2+, respectively [9]. Because of Sr2+ and 
Ba2+ ions have the larger ionic radius than La3+, garnet lattice parameters were increased. 
Furthermore, one more lithium was introduced to increase the Li-ion concentration. 
 Nb-doped specimen, Li6.75La3Zr1.75Nb0.25O, exhibited the ionic conductivity of 8.0 × 10−4 
S cm−1. In this case, although Nb doping decrease lattice constants, it introduce vacancies 
so that the mobility of Li ions increased [49].   
 Zaib et al. demonstrated that Hf system Li7La3Hf2O12 showed conductivity of 2.4 ×104 S 
cm−1. This is supposed to be due to increased lattice constant, and two more Li ions were 
introduced to the structure [50]. 
 Partial doping of Y or In at the M site in Li5La3M2O12 is also reported. For example, 
Li5.5La3Nb1.75In0.25O12 showed an enhanced conductivity (1.8 × 10
−4 S cm−1 at 50°C) [51]. 
High conductivity of 2.7 × 10−4 S cm−1 at 25°C was obtained for Li5+2xLa3Nb2−xYxO12 with 
x = 0.75. The high Li+ conductivity resulted from short Li+–Li+ distances in the edge-




Among the related lithium garnets, Li7La3Zr2O12 (LLZ) has been widely investigated [53]. 
LLZ is considered as a promising solid electrolyte, because it is highly conductive, and is stable 
versus Li metal even on direct contact with molten or evaporated lithium [54, 55].  
Figure 2.3 shows crystal structure of cubic LLZ. The La and Zr ions form LaO8 
dodecahedra and ZrO6 octahedra. Seven-ninth of all Li ion sites (tetrahedral sites (24 d) and 
octahedral sites (96 h)) are occupied by Li ions. The tetrahedra and octahedra are face-shared 
to each other (Figure 2.4) and form the 3D network structure (Figure 2.5), which is thought to 









Figure 2.3. Crystal structure of LLZ. The marron spheres denote Li+, and the dark blue and 
















Figure 2.5. Lithium ion migration network in three dimension structure. 
 
 LLZ exists in tetragonal [56, 57] and cubic crystal structure [58]: the cubic phase displays 
by about two orders of magnitude higher ionic conductivity than the tetragonal phase. To 
stabilize the cubic LLZ at RT, several ways have been studied such as, long time sintering at a 
high temperature (1000ºC or above) and the presence of small amounts of Al are generally 
required to form the more conductive cubic LLZ phase [57, 59-61]. In addition, cation 
substitution including Al, Ga, Y and Ta [62-65] also stabilize cubic LLZ. Owing to its high 
ionic conductivity, excellent stability with Li and wide electrochemical voltage window, LLZ 
has been considered as promising solid electrolytes for ASSBs. 
Lithium garnets can be synthesized by various synthesis methods, such as solid-state 
reactions, single crystal growth technique, sol-gel method based on hydrolysis and 
condensation of alkoxide and nitrates, thin film processing techniques (radio-frequency (RF) 
magnetron sputtering, pulsed laser deposition, and sol-gel spin coating), spray pyrolysis and 
electrospinning technique. Though these methods have some advantage, they all have own 
problems. Some methods are explained as follows: 
In the conventional solid-state reaction, a heat-treatment at around 1200°C is required 
in order to obtain a dense garnet-type solid electrolyte. Such a heat-treatment at high 
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temperatures causes a lithium loss from the solid electrolyte. To avoid the loss, powders with 
the same composition are used to cover pellets. Another major issue of solid-state reaction 
method is the inhomogeneity in the end product and formation of impure phases [9, 42-44]. 
Other methods such as laser deposition [66, 67], magnetron sputtering, [68, 69], aerosol 
assisted deposition [70] and sol–gel deposition combined with post annealing [71, 72] resulted 
in solid electrolytes with lithium ion conductivities that are lower than those obtained by the 
solid-state reaction. In addition, solution-based techniques usually require the use of organic 
components as complexing agents leaving large amounts of organic residue after synthesis and 
making post-annealing and even grinding inevitable [73]. To obtain lithium garnets, the 
synthesis method has to be of low cost, a product should be phase pure and homogeneous, and 
proper physical and chemical characteristics suitable for a battery application. 
 
2.3 Summary 
ISEs are being viewed as a necessary component for a safe and high-performance lithium 
battery in future, thereby drawing extensive attention in the field. Among the ISEs, the 
perovskite-type and NASICON-type structures could exhibit very high lithium ionic 
conductivity. However, its application in lithium-ion batteries is limited due to a facile 
reduction of Ti4+ to Ti3+, which leads to high electronic conduction. Similarly, LISICON-type 
structures are also impracticable because of its low conductivity at RT as well as its high 
reactivity towards Li metal and air. The garnet-type compounds presently appear to be most 
important potential candidates for high-energy-density batteries due to its relatively high ion 
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Chapter 3. Experimental Methods and Techniques 
 
3.1 Introduction 
The goal of this study is to demonstrate the viability of using garnet-type solid 
electrolytes in all-solid-state batteries (ASSBs). For that purpose, Li6.5La3Zr1.5Ta0.5O12 (LLZT) 
was employed in this study. LLZT pellets were prepared via a solid-state reaction followed by 
a spark plasma sintering (SPS) technique. The obtained pellets exhibited high relative density 
of above 96%. In this work, various physical and microscopy techniques were used to 
investigate in detail the materials properties as well as to establish the correlation of structure 
with electrochemical performance. In this chapter, the specific descriptions of experimental 
procedures and characterization methods used in thesis work are explained. 
 
3.2 Material Synthesis 
3.2.1 Synthesis of Garnet-type Solid Electrolyte  
LLZT powder was synthesized via solid-state ceramic route using the following 
precursors: LiOH·H2O (Kishida Chemical Co. Ltd., 99.0%, pre-dried at 200°C for 12 h), La2O3 
(Kishida Chemical Co. Ltd., 99.99%, pre-heated at 800°C for 6 h), ZrO2 (Kishida Chemical 
Co. Ltd., 99.9%) and Ta2O5 (Wako Pure Chemical Industries Ltd., 99.9%). Pre-heat treatment 
of LiOH·H2O and Ta2O5 was done in advance to remove water and CO2, respectively. Excess 
LiOH was added by 10% to compensate loss of Li by volatilization during the calcination [1−3]. 
At first all the precursors were mixed well in a planetary ball-mill (Fritsch, Pulverisette 7) using 
ZrO2 balls (ϕ3 mm) and a ZrO2 pot. To ensure the homogeneous mixing, ball milling time was 
fixed for 10 min and 30 min for 100 rpm and 300 rpm respectively. Then, the mixed powders 
were transferred into clean aluminum crucible and calcined at 900°C for 12 hours [4]. The 
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resultant powders was grounded into fine powders using an agate mortar and a pestle in order 
to make pellets.  
 
3.2.2 Spark Plasma Sintering of Garnet-type Solid Electrolyte Pellet  
The Spark Plasma Sintering (SPS) (or Pulsed Electric Current Sintering (PECs) uses a 
combination of uniaxial pressure and pulsed direct current (DC) to heat and sinter the powder 
specimen placed in a die usually made of graphite [5, 6]. The SPS process is supposed to be 
based on the electrical spark discharge phenomenon: a high energy and, low voltage spark 
pulse current momentarily generates spark plasma at high localized temperatures, from several 
to ten thousands °C between the particles resulting in optimum thermal and electrolytic 
diffusion. It takes much less time (approximately 5 to 20 minutes, including temperature rise 
and holding times) to complete a sintering process compared to conventional sintering (which 
may take hours). During this process, simultaneous application of temperature and pressure 
leads to high densification of the pellet. Hence, a dense compact pellet at sintering temperatures 
lower by 200 to 300°C than conventional sintering is easily obtained [7]. In SPS, since no 
coarsening and grain growth are allowed to occur, high relative densities are reached in very 
short time. Therefore, nanosized powders can be sintered without considerable grain growth 
which is not possible in a conventional sintering process [8]. 
In this thesis, SPS was conducted on a CSP-I-02121 (SS Alloy Co Ltd.) using graphite 
die and punches (diameter 10 mm). Known quantity of dried and milled LLZT powder samples 
were placed in a cylindrical graphite die and graphite punches, lined with a graphite sheet which 
facilitates easy removal of sintered compacts. SPS was carried out under vacuum (initial 
chamber pressure was below 10 Pa), DC pulse was applied to control the temperature, which 
was monitored on outer surface of the graphite die using a thermo-couple. Specimens were 
heated with a ramp rate of 50°C/min toward a target temperature (900–1100°C), and held at 
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the target temperature for 10 min [4]. Then, the samples were cooled inside the chamber. 
During the sintering process, a constant uniaxial pressure (12.5–50 MPa) was applied. The 
obtained pellets were typically 10 mm in diameter and 1 mm in thickness (after the graphite 
sheets were removed). Since it is well known that the garnet-type solid electrolytes are sensitive 
to moisture and CO2 [9, 10], the LLZT powder and pellets were stored in vacuum-desiccators 
to minimize the formation of surface impurities. Typical exposure time to air was less than 1 
hour. 
 
3.3 Experimental Techniques   
3.3.1 X-Ray Diffraction (XRD) 
XRD is one of the most important non-destructive analytical technique to analyze all 
kinds of matter ranging from fluids, to powders and crystals. This technique is commonly used 
to understand the crystal structure, phase formation, crystallinity, impurity formation, and grain 
size of materials [11]. The X-rays are generated by an anticathode of an x-ray tube, (in some 
cases filtered to produce monochromatic radiation and collimated to concentrate), and directed 
toward the sample. When X-rays of certain wavelength bombard the material, they will interact 
with atoms and undergo diffraction when conditions satisfy Bragg's Law (nλ=2d sin θ) [12]. 
Where the integer n is the order of the diffracted beam, λ is the wavelength of the incident X-
ray beam, d is the distance between adjacent planes of atoms (the d-spacings), and θ is the angle 
of incidence of the X-ray beam. A diffraction pattern is obtained by measuring the intensity of 
scattered waves as a function of scattering angle. Peaks with strong intensities known as Bragg 
peaks are observed in the diffraction pattern when scattered waves satisfy the Bragg’s law and 
extinction rule that is related to symmetry of crystalline structure [11, 12]. 
In this work, the obtained powder and pellets were characterized with the use of a 
Rigaku SmartLab equipped with a parallelized incident beam. Soller slits (5°) for both incident 
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and diffracted beams, and a parallel slit analyzer (0.5°) were used. An incident slit and two 
receiver slits were 1.0 mm and 0.4 mm in width, respectively. A graphite monochromator was 
placed in front of a scintillation counter to suppress fluorescent X-ray. The X-ray was generated 
out at a tube voltage of 45 kV and tube current of 200 mA. The source of X-rays are obtained 
from Cu Kα source (λ = 1.5418 Å) in the scan range between 10 and 90° with a step rate of 2° 
per min at room temperature. The obtained diffraction data’s were analyzed by comparing with 
databases maintained by the International Centre for Diffraction Data (ICDD). 
 
3.2.2 Scanning Electron Microscopy (SEM) 
SEM is used primarily to observe the surface morphology of samples. SEM is one of 
the most widely used analytical tools due to the extremely detailed images it can quickly 
provide. This examination can give information about the surface morphology, microstructure, 
particle size, porosity, and phase formation of samples [13, 14]. When sample are insulative, 
the samples are typically coated with gold to conduct electrons away from the surface of the 
samples so that the samples do not become charged. SEM produces images by detecting 
secondary electrons which are emitted from the surface due to excitation by the primary 
electron beam. In this technique, the electron beam is scanned across the surface of the sample 
in a raster pattern, with detectors building up an image by mapping the detected signals with 
beam position [14]. 
In the present work, the surface morphology of the produced LLZT powder and pellets 
were examined using scanning electron microscopy (SEM: JCM-5100M, JEOL Ltd.). The 
pellets were polished well before mounting it on a sample holder containing carbon tape, and 
a very thin layer (20 nm) of Au was sputtered on top of them to ensure the electronic 
conductivity. Another method applied for this work was field emission scanning electron 
microscopy (FE-SEM) with energy dispersive X-ray spectroscopy (EDS). The elemental 
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analysis was done using EDS measurement to get a rough understanding of the composition of 
the material by scanning different positions on the sample surface. 
 
3.3.3 Scanning Probe Microscopy (SPM) 
SPM is an imaging technique that can be extensively used to investigate the roughness 
of a surface and the local properties of the solid body surface with high spatial resolution. The 
SPM scans an atomically sharp probe over a surface, typically at a distance of a few angstroms 
or nanometers. The tip can be as sharp as a single atom. It can be moved precisely and 
accurately back and forth across the surface, even atom by atom [15]. 
Topography of final surface of the polished LLZT pellets were obtained using scanning 
probe microscopy (SPM; SPM-9600, Shimadzu Corp.). To investigate the surface nature of the 
LLZT pellets, the pellets were polished with an emery paper #400, and then the grit number 
was sequentially increased. 
 
3.3.4 Electrochemical Impedance Spectroscopy (EIS) 
Electrochemical impedance spectroscopy is a measure of the response of a material to 
the sinusoidal AC voltage, and it is the most common way to characterize solid electrolytes 
today. Typically, EIS measurements are carried out in the frequency range from several 
millihertz to several megahertz by applying an AC potential to an electrochemical cell and then 
measuring the current through the cell [16, 17]. The data obtained by EIS are represented in 
complex plane plots as -Z′′ vs. Z′, normally called Nyquist plots. The interpretation of the 
resulting spectra is typically analogous to an electronic circuit consisting of a specific 
combination of resistors capacitors, and inductor [16].  
In this work, EIS technique was employed in order to obtain ionic conductivity of LLZT 
and charge transfer resistance between Li and LLZT. For ionic conductivity measurements, 
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pellets were sputtered with Au with a thickness of ca. 300 nm on both sides by dc sputtering. 
Then, the pellets were sandwiched by Au covered Cu electrodes and placed in a glass tube 
where Ar gas was passed through constantly. The impedance measurement was carried out 
using a HP4192A (Keysight Technologies) in the frequency range from 10 MHz to 10 Hz with 
an oscillation voltage of 10 mV. The temperature of the cell was controlled by utilizing an oven 
from 110°C to −15°C with a slow cooling rate of 0.25°C /min, which was slow enough to reach 
quasi-equilibrated state. The EIS was repeatedly recorded every 10 min on both heating and 
the cooling processes. The temperature of the specimens was monitored by a thermo-couple 
that was placed near the pellet. The obtained impedance were analyzed using a Z-view software 
(Scribner Associates Inc.).  
The obtained ionic conductivity results of solid electrolytes are presented in section 
6.3.2. To evaluate the charge transfer resistance and DC polarization behavior between Li and 
LLZT, the stack of Li | LLZT | Li was placed in an air-tight cell. The cell was assembled under 
argon atmosphere in a glove box (UNICO, Toray engineering Co., Ltd., Modal LC-450A), in 
which O2 and H2O were kept below 1 ppm. Details of the symmetric cells are described in 
section 4.2.3. Charge transfer resistance was analyzed using a potentio-galvanostat (Solartron 
Analytical, S1470E) equipped with a frequency response analyzer (Solarton Analytical, 
S1255B) in the frequency range from 500 kHz to 0.1 Hz. DC polarization was conducted to 
obtain the critical current density at which short-circuit occurs. 
 
3.3.5 Fourier Transform Infrared Spectroscopy (FT-IR) 
FT-IR is an analytical technique used to identify functional groups and characterizing 
covalent bonding information, which are either synthesized chemically or of natural origin [18]. 
FT-IR can be also applied to inorganic materials to show absorption by local vibration of group 
of atoms, including amorphous phases. This technique measures the absorption of infrared 
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radiation by the sample material versus wavelength. When a material is irradiated with infrared 
radiation (IR), molecular vibration takes place as a result of absorption of IR radiation when 
the applied infrared frequency is matched to the natural frequency of vibration. A unique 
frequency is absorbed by different bonds [18, 19].  
In this work, the focus of our interest was checking the carbonate ions (CO3
2−) and  
O-H bonds in LLZT powder, which were synthesized in various methods. FT-IR (IR-
Prestage21, Shimadzu Corp.) spectroscopy was conducted in the frequency range from 400–
4000 cm−1 at room temperature. Prior to the measurements, LLZT and KBr powder were 
ground and dried separately in a vacuum oven at 200°C for overnight. Then, powders were 
transferred into the glove box without exposing to air. After that, LLZT and KBr powder were 
mixed and pressed to form pellets with diameter and thickness of 0.5 mm and 0.45 mm 
respectively. The instrument chamber was purged with inert gas (nitrogen) to minimize the 
H2O and CO2 in air to avoid any impurity peaks. Samples were stored in the glove box until 
further usage. 
 
3.4 Summary  
Above mentioned physical and microscopy techniques are very helpful to understand 
the phase purity, surface morphology and electrochemical property of LLZT powder and pellet. 
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Chapter 4. Charge Transfer Resistance between Garnet-Type Solid 
Electrolyte and Lithium Metal Anode 
 
4.1 Introduction  
Rechargeable lithium batteries are widely used in portable equipment today. However, 
there have always been safety issues arising from their combustible organic electrolytes. These 
issues are becoming more serious with the increasing size of batteries for use in electric 
vehicles and energy storage systems on an industrial scale [1-3]. Therefore, all-solid-state 
lithium-ion batteries (ASLBs) have attracted much attention because the replacement of an 
organic liquid electrolyte with a safer and more reliable inorganic solid electrolyte (SE) 
simplifies the battery design and improves safety and durability of the battery [4-6]. The 
selection of solid electrolytes is of quite importance for desired performance. For example, 
well-known high ionic conductors such as perovskite-type Li0.35La0.55TiO3 [7] and NASICON 
(Na superionic conductor) type Li1.3Al0.3Ti1.7(PO4)3 [8] contain Ti
4+ that is unstable against Li 
metal, and facile reduction of Ti4+ occurs in contact with Li metal anode. Electrochemically 
stable phases such as LIPON [9] and Li4SiO4-Li3PO4 [10] suffer from their low ionic 
conductivity. In this context, garnet-type Li7La3Zr2O12 (LLZ) and its family, which were newly 
explored in the last decade, have been expected as promising solid electrolytes due to their high 
electrochemical stability with metallic lithium as well as relatively high ionic conductivity of 
3 × 10−4 S cm−1 at room temperature [11–13]. Therefore, they can be applied to all solid state 
battery with lithium metal anode, which can realize high energy density and high safety.  
Although garnet-type materials exhibit promising chemical and electrochemical 
stability with Li metal, there is poor interfacial wetting between Li metal and electrolyte, which 
prevents intimate physical contact [14-19]. One reason for the high interfacial resistance is the 
poor contact between solid electrolyte and electrodes, as both materials are hard solid, and it is 
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difficult to contact them together with fully wetting. As a result, the cell polarization becomes 
large and intensifies with increased cycle time and current density.  Towards practical 
application of Li metal anode on ASSBs, not only thermodynamic but also kinetic properties 
should be revealed.  
In order to improve the performance of RCT between electrolyte and electrode, several 
attempts have been made. These include application of high pressure [16, 17], heat treatment 
[18] and modification of surface morphology of electrolytes [19]. RCT dramatically decreased 
from 5822 to 514 Ω cm2 by heating around melting point of Li metal [18]. It was suggested 
that the heat-treatment improved physical contact between Li and the LLZO electrodes. 
Recently, Cheng et al. demonstrated that RCT is strongly correlated with the interface 
microstructure and grain boundaries rather than grain orientation [15], however, influence of 
microstructure on contact area is not discussed. Furthermore, they showed that formation of 
Li2CO3 layers is one of origins of the large interfacial resistance [19]. Polishing surface of the 
solid electrolyte is effective to remove Li2CO3 and improve the interfacial properties.  
Another strategy is to develop an electronically conductive layer on solid electrolytes 
to enhance the interfacial transport properties. Recently, for garnet-type [20] and sulfide-based 
[21] solid electrolytes, Au thin layers were deposited on the solid electrolytes to facilitate 
charge transfer reaction. The Au layer deposited between Li and solid electrolytes forms 
homogeneous contact at the interface, and as a result of Li-Au alloying reaction, Au layers also 
play a role of Li resource. What is more, the homogeneous contact increased critical current 
density on short circuit. 
Despite apparent improvements using the above-mentioned methods, the interfacial 
resistance is still unclear, because RCT depends on various factors and would be strongly 
affected by the interfacial contact condition. In other words, studies on RCT should be carried 
out on the interface where contact area is controlled. In this chapter, I studied RCT between Li 
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and Li6.5La3Zr1.5Ta0.5O12 (LLZT) solid electrolyte in three steps. First, I prepared well-
controlled surfaces of LLZT by using emery papers with various grit numbers. Effective 
contact area was investigated on the basis of RCT obtained by electrochemical impedance 
spectroscopy (EIS). Second, taking into consideration the above fundamental results, I 
fabricated interfaces with larger effective contact area by depositing Li thin layer on rough 
LLZT surface by vacuum-evaporation.  Finally, I Investigate RCT for formation of Li | Au | 
LLZT interface prepared by a sputtering and vacuum evaporation method.   
 
4.2 Experimental Section 
4.2.1 Materials and Preparation of LLZT Pellets 
Synthesis of LLZT powder and preparation of LLZT pellets are described in our 
previous work [22], and briefly explained in this chapter. The starting materials consisting of 
LiOH · H2O (Kishida Chemical Co. Ltd., 99.0%, pre-dried at 200°C for 12 h), La2O3 (Kishida 
Chemical Co. Ltd., 99.99%, pre-heated at 800◦C for 6 h), ZrO2 (Kishida Chemical Co. Ltd., 
99.9%) and Ta2O5 (Wako Pure Chemical Industries Ltd., 99.9%) were mixed in a 
stoichiometric ratio with 10%-excess Li source to compensate the loss of Li during calcination. 
This mixture was initially ball-milled in two steps (100 rpm for 10 min and 300 rpm for 30 
min) with zirconia balls (ϕ 3 mm) in a planetary ball-mill (Pulverisette 7, Fritsch) and then, 
calcined at 900°C for 12 h in air. The obtained powder was pelletized using graphite dies by 
spark plasma sintering (SPS) technique with a sintering temperature of 1,000°C, pressure of 25 
MPa and duration time of 10 min under vacuum. 
 
4.2.2 Structural Characterization 
The surface of the sintered pellets was polished using an emery paper with a grit number 
of #400 for a certain thickness to remove the residual graphite foils. The obtained pellets 
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exhibited a high relative density of 96% estimated by comparing geometrical density and 
density calculated from lattice parameters. To prepare the surface with different roughness, 
pellets were polished using emery papers with various grit numbers starting from #400 to 
#8000 in an Ar-filled glove box (O2: <0.1 ppm and H2O: <1 ppm) to avoid reaction with 
moisture and carbon dioxide in the air. For all pellets, polishing started with an emery paper 
#400, and then the grit number was sequentially increased to the final emery paper. Hereafter, 
the polished LLZT pellets are denoted as LLZT (#x), in which x is the grit number of the emery 
paper to finish the surface. The calcined powders and sintered pellets were characterized by X-
ray diffraction (XRD) on a SmartLab (Rigaku Corp.) equipped with an X-ray source of CuKα 
(45 kV, 200 mA). The surface morphology of the pellets was analyzed by using a scanning 
electron microscope (SEM; JCM-5100M, JEOL Ltd.) and a scanning probe microscope (SPM; 
SPM-9600, Shimadzu Corp.). 
 
4.2.3 Electrochemical Analysis 
In order to investigate RCT between Li and LLZT, symmetric cells of Li | LLZT (#x) | 
Li were assembled by sandwiching a LLZT pellet with Li metal (Sigma-Aldrich Co. LCC.) 
foils (ϕ 5 mm). Ceramic washers were used to avoid the deformation of lithium by pressure 
and heat. The stack of Li | LLZT | Li was placed in an air-tight cell with Cu foils as current 
collectors. A constant pressure of ca. 1.4 MPa was applied to the stack using a spring. To 
fabricate interfaces with large effective contact area between Li and LLZT, thin layers of Li 
(ca. 2 μm) was deposited on the both sides of the LLZT(#400) pellet by vacuum-evaporation 
method. Lithium metal was evaporated from a heated tungsten boat fixed inside a thermal 
evaporator (VPC-060, ULVAC KIKO Inc.). The evaporator was placed in an Ar-filled glove 
box, and the pressure was maintained at 2∼4 × 10−3 Pa during the deposition. The 
electrochemical measurements were conducted at various temperatures between 25°C and 
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175°C. In this work, 175°C was chosen as the highest temperature to avoid too much 
deformation of lithium above its melting point, which might change the electrode area [18].The 
cells were placed in an oven and kept at each target temperature for 2 h to reach thermal 
equilibrium before the EIS was recorded. On the other hand, the gold layer with 20 nm was 
formed on the both sides of LLZT pellet by using a vacuum evaporation and sputtering method. 
RCT was analyzed using a potentio-galvanostat (Solartron Analytical, S1470E) equipped with 
a frequency response analyzer (Solarton Analytical, S1255B) in the frequency range from 500 
kHz to 0.1 Hz with an oscillation voltage of 10 mV. The obtained data were analyzed by Z-
View software (Scribner Associates Inc.). 
 
4.3 Results and Discussion 
4.3.1 Phase Analysis of Solid Electrolytes 
XRD profiles of the LLZT powder and pellet after SPS technique are shown in Figure 
4.1. Both profiles exhibited diffraction peaks at the angles estimated by calculation and no 
impurity was confirmed. 















Figure 4.1. XRD profiles of the LLZT calcined powder and pellet after SPS. 
 
4.3.2 Morphology Analysis of Solid Electrolytes 
Figures 4.2 and 4.3 show SEM and SPM images, respectively, of the surface of the 
LLZT pellets after polished by emery papers with different grit numbers ranging from #400 to 
#8000. SEM images (Figure 4.2) show decrease in number and depth of scratches on the 
surface of the pellets with an increase of the grit number, and the pellets polished with higher 
grit numbers (#4000 and #8000) looked rather smooth. In the SPM images (Figure 4.3), the 
surface morphology was more clearly observed. The roughness of the surfaces of the pellets 
polished with lower grit numbers are mostly caused by the round shaped LLZT grains and their 
gaps. With increasing the grit number, the surfaces become smooth and flat, and the roughness 
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shown in Figure 4.3) decreased with the increased grit number. The lowest Ra was 9 nm for the 
pellet polished with girt number #8000. 
 
 
Figure 4.2. SEM images of the surface of LLZT (#x). (a) #400, (b) #1500, (c) #4000 and (d) 
#8000. 
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Figure 4.3. SPM images of the surface of LLZT(#x). (a) #400, b) #1500, (c) #4000 and (d) 
#8000. 
 
4.3.3 Electrochemical Studies of Li | LLZT Symmetric Cells 
4.3.3.1 Charge Transfer Resistance between Li Metal and LLZT  
Figure 4.4 shows Nyquist plots of Li | LLZT(#4000) | Li cells at room temperature. 
Nyquist plot consists of two parts: The small partial semicircle at high frequency can be 
assigned to the total resistance of the solid electrolyte material. The large semicircle at low 
frequency corresponds to the charge transfer resistance, which is sum of two RCT on both Li | 
LLZT (#4000) interfaces. Further, RCT for remaining pellets were examined in the same way.  
(a) (b) 
(c) (d) 
Ra = 101 nm Ra = 28 nm 
Ra = 19 nm Ra = 9 nm 














Figure 4.4. Nyquist plots for Li | LLZT(#4000) | Li cells at room temperature after heated at 
175°C. 
 
RCT at the Li | LLZT interface was compared for each emery paper at RT after 
preconditioning at 175°C as shown in Figure 4.5. The RCT drastically decreased with increasing 
grit number from #400 to #1500, and then saturated above #4000, this is due to differences in 
surface roughness of the pellets, which affect the practical contact area with the lithium 
electrodes. The difference in activation energy (Ea) (Figure 4.5 (indicated by open circle)) could 
be explained by shrinkage of lithium metal, which would lead to a poor contact between Li and 
LLZT pellet. Because of poorer contact of Li on LLZT polished with #400, Li electrodes were 
easily detached and contact area was reduced on cooling process. The decreased contact area 
resulted in the apparent higher Ea for the interfaces with poorer contact.  















Figure 4.5. Charge transfer resistance and activation energy for the Li | LLZT(#x) | Li 
interfaces for the pellets polished with various emery papers. 
 
The obtained results are the first stage of my research work. Therefore, I reinvestigated 
RCT between Li and LLZT metal after standardizing the experimental procedure. Moreover, I 
had checked detachment between Li and LLZT. Next section results are based on the 
standardization of experimental procedure. 
Figure 4.6 shows Nyquist plots of Li | LLZT(#x) | Li cells at room temperature. Each 
Nyquist plot consists of two parts: a part of semi-circle at high frequency region (> 105 Hz), 
and a depressed semi-circle at low frequency region (<105 Hz). The semi-circle at high 
frequency region is attributed to the solid electrolyte resistance (RSE; including bulk and grain 
boundary), while the latter is attributed to the sum of two RCT on both Li | LLZT(#x) interfaces. 
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pellets. It should be noted that the Nyquist plot of the symmetric cell of the pellet polished with 
a grit number #400 looks different from others. It consists of two semi-circles with different 
capacitances of 4.46 × 10−8 F and 2.26 × 10−6 F. However, the obtained activation energies of 
both processes are same, suggesting that two semi-circles originate from the same 
electrochemical process. In addition, the second semi-circle was not reproducible. For the pellet 
polished with a grit number #400, the first semi-circle in the high-frequency region exhibits 
the specific capacitance that is closed to those for the pellets with smoother surface. Thus, this 
process is attributed to the charge transfer between Li and LLZT. On the other hand, the second 
semi-circle in the medium low-frequency region with a high capacitance of 2.26 × 10−6 F is 
also related to charge transfer, but the high capacitance is obtained for some reasons. The high 
capacitance would be related to the microstructure of the pellet surface. When the pellet surface 
is polished with a grit number #400, grains on the pellet surface can be easily chipped off 
instead of polishing. As a result, grains on the surface look round (Figure 4.3a), and is possibly 
covered with Li2CO3 that exists on the grain boundaries. Details on Li2CO3 on the grain 
boundaries will be discussed in chapter 6. In contrast, for the pellets polished with higher grit 
numbers, surface becomes rather smooth and grains were not clearly observed (Figure 4.3b-d). 
The obtained surface microstructures cause the apparent change in the contact between Li and 
LLZT. Taking into consideration these microstructure, several mechanisms can be proposed. 
First, Li2CO3 layer on the surface of the grains causes such an additional process as charge 
transfer between Li2CO3 and LLZT. Second, the poor wettability of lithium causes 
inhomogeneous contact between Li and LLZT. And, the interface with intimate contact and 
poor contact result in two semi-circles. Finally, two semi-circles are attributed to the two 
electrodes of the symmetric cell, which may exhibit different degree of contact between Li and 
LLZT. Unfortunately, none of the above mechanisms clearly explains the second semi-circle. 
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To identify the origin of the second semi-circle, detailed investigation is necessary. In the 













Figure 4.6. Nyquist plots for Li | LLZT(#x) | Li cells at room temperature after heated at 175°C. 
The numbers on plots show frequency. 
 
Figure 4.7 demonstrates a temperature dependence of RCT for LLZT(#400). RCT was 
clearly decreased (i.e., T/(2RCT) was increased in Figure 4b) with increasing temperature from 
25 to 150°C. RCT at 175°C was too small (less than 0.2 Ω) to obtain an accurate value. Note 
that smaller RCT (i.e., larger T/(2RCT) in Figure 4.7) was confirmed on the first cooling in 
comparison with the first heating. In addition, the slope on the first cooling was smaller than 
on the first heating. These results suggest that the intimate contacts were formed between Li 
and LLZT during the heating process due to softening of metallic lithium. On the second 
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indicating the interface between Li and LLZT was physically and chemically stable. This is in 













Figure 4.7. Temperature dependence of RCT of the Li | LLZT (#400) | Li interface on heating 
(open circle), cooling (closed circle) and second heating (open triangle). 
 
Figure 4.8 shows RCT at 25°C after 1st heating and cooling cycle. RCT was decreased 
with decreasing the grit number of the emery paper from 746 Ω cm2 (#8000) to 363 Ω cm2 
(#400). However, the decrease in RCT seems saturated below #1500, in spite of the increasing 
roughness as shown in Figure 4.3. The obtained value of 363 Ω cm2 (#400) was less than 
recently reported results [18, 19], which may be due to higher pressure (1.4 MPa). The 
roughness dependence of RCT can be explained by surface area and wettability. Increasing 
surface roughness results in larger surface area of LLZT, which would enhance possibility of 
large contact area.  
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On the other hand, higher roughness would reduce ratio of the effective contact area to 
the overall surface area, because softened and pressed Li can’t cover all of the roughened 
surface. For the pellets polished using emery papers with lower grit numbers, surface roughness 
is mainly contributed by gaps between LLZT grains, which exhibit three-dimensional and 
complicated structures. Although such surfaces exhibit higher surface area, they would partly 
contribute to increasing the effective contact area. With these opposite effects, RCT exhibited 
dependence on the grit number of emery paper shown in Figure 4.8: for #1500-#8000, the effect 
of surface area was dominant and RCT was reduced with decreasing the grit number. However, 
below #1500, the influence of the poor wettability increased on the rougher surface. It is also 
assumed that even heating above melting point wouldn’t improve the effective contact area, 
because of poor wettability between molten Li and LLZT [13, 23, 24]. Therefore, I conducted 
vacuum evaporation of Li to prepare interface with high effective contact area, which is 
described in the next section.  
Figure 4.8 also compares Ea obtained by applying the following Arrhenius-type 














)        (1) 
where F, i0 and R are Faraday constant, exchange current density and gas constant, respectively: 
i0
∗ is the exchange current density at the limit of T = ∞. For the analysis, RCT recorded below 
100°C on the first cooling were employed (see Figure 4.7). For all specimens, Ea was 0.50 to 
0.53 eV, which is consistent with the reported value [25]. From the results for the smooth 
interface of Li | LLZT(#8000), characteristic values for the system of Li | LLZT are given. It is 
noted that, RCT for the flat interface between Li | LLZT is ca. 750 Ω cm
2 (or even higher), and 
Ea is as high as 0.51 eV, indicating the charge transfer is slow. Such a kinetically slow process 
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would be one of drawbacks of the garnet-type solid electrolytes. Therefore, it is important to 
prepare large effective 
contact area between Li and LLZT, and more attention should be paid to electrode preparation 
condition such as surface roughness of solid electrolytes, pretreatment temperature, pressure, 













Figure 4.8. Charge transfer resistance and activation energy for the Li | LLZT(#x) interfaces 
for the pellets polished with various emery papers and Li(ve) | LLZT(#400). 
 
4.3.3.2 Charge Transfer Resistance between Vacuum-evaporated Li and LLZT 
 As discussed in the previous section, decrease of RCT is necessary for the practical 
application to ASSBs. M. Nagao et al. reported that insertion of lithium thin films deposited 
by vacuum evaporation increases favorable contact area between the lithium electrode and a 
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necessary to electrochemical performance of the bulk-type ASSBs. In this study, I deposited 
lithium thin layers on rough surface of LLZT to achieve large effective contact area, because 
it is expected that the evaporated Li can access deep parts of trenches on the roughened surface 
of LLZT, where just softened Li could hardly reach. For this approach, LLZT pellets were 
polished with an emery paper (#400) to increase surface area, and then, lithium was deposited 
(∼2 μm) by vacuum evaporation on the both sides of LLZT(#400), which is denoted as Li(ve). 
Finally, Li foils were attached on both sides of the stack to fabricate a symmetric cell of Li | 
Li(ve) | LLZT(#400) | Li(ve) | Li.  
Figure 4.9 shows Nyquist plots of the cell with Li(ve) layers before and after heat-
treatment (175°C, 2 h). Both Nyquist plots exhibited a depressed semicircle with characteristic 
frequency of 320 Hz (before heat-treatment) and 2 kHz (after heat-treatment) are attributed to 
2RCT. RCT was 484 Ω cm
2 at 25°C before the heat-treatment, which is higher than the cell 
without Li(ve) layers and with heat-treatment (363 Ω cm2), but further decreased to 69 Ω cm2 
after the heat-treatment. By comparison of the interfaces after heat-treatment with and without 
Li(ve) layer, it was confirmed that vacuum evaporation reduced RCT by ca. 85%. One might 
suppose that the reduced RCT by insertion of Li(ve) layer is due to interphases that facilitate 
charge transfer reaction. Although I have no clear experimental evidence on the interphases at 
this moment, as-deposited Li(ve) layer exhibited high RCT, which suggests less possibility of 
low-RCT interphases. Decrease in RCT by the heat-treatment would be due to increased density 
of Li(ve) layers and improved contact area on the heat treatment. It is known that vacuum 
evaporation results in less dense films due to rather low kinetic energy of deposits. Especially, 
in the case of Li, Li can be deposited at rather low evaporation temperature, meaning very low 
kinetic energy of Li atoms in the vapor, and thus deposited layers are very coarse. 
 














Figure 4.9. Nyquist plots of the Li | Li(ve) | LLZT(#400) | Li(ve) | Li cells at 25°C before and 
after heat-treatment. 
 
4.3.3.3 Charge Transfer Resistance between Au-Li Alloys and LLZT 
In order to investigate the effect of the gold layer on RCT, the gold layer of 20 nm was 
deposited on both sides of LLZT pellet by using a sputtering and vacuum evaporation method.  
Figure 4.10 shows Nyquist plot of Li | Au | LLZT | Au | Li at RT after heat treatment. Note that 
Au alloy is saturated with Li metal and electrode potential is 0 V vs Li/Li+. Both sputtered and 
vacuum evaporation cell showed one partial semicircle in the high frequency range and a 
complete semicircle at lower frequencies in the Nyquist plots (Figure 4.10). The semicircles at 
high frequencies are attributable to the total resistance of the LLZT pellets, and the low 
frequency semi-circles can be assigned to the interfacial resistance. Furthermore, additional 
semicircle was obtained in the low frequency range less than 15 Hz, and constant phase element 
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is related to diffusion of lithium in gold layer [27]. RCT of LLZT pellet obtained from a 
sputtered method (1110 Ω cm2) was larger than vacuum evaporation method (520 Ω cm2), this 
may be due to deposited Au particle size and formation of the layer. Thus, the difference in the 
particles size, leading to large RCT of sputtered method. These results are clearly indicating that 
the interfacial contact between LLZT pellet and lithium metal was improved by the 













Figure 4.10. Nyquist plots of symmetric cells of Li | Au | LLZT | Au | Li prepared by a 
sputtering and vacuum evaporation method. 
 
4.4 Conclusion  
In this chapter, I investigated contact between Li metal electrodes and LLZT pellets by 
means of EIS. RCT at the Li | LLZT(#8000) interface is a kinetically slow process with high 
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rate operation of ASSBs. Although RCT was improved by the pretreatment of the electrode: 
surface roughness of LLZT and heat treatment, effective contact area was almost saturated and 
RCT was still as high as 363 Ω cm
2 for rough LLZT surface. Vacuum evaporation of Li 
accompanied by heat-treatment was helpful to further increase the effective contact area and 
reduce RCT, and the lowest value of 69 Ω cm
2 was obtained. RCT obtained from a gold layer 
deposition method was high when compared to a Li-deposited system. 
Finally, I conclude that the better modifications are effective to establish the favorable 
interfaces with a large contact area and with good physical adhesion between Li metal and solid 

















                                                                                                          
74 
 
References of Chapter 4 
[1] B. Scrosati, Challenge of portable power, Nature, 373 (1995) 557−558. 
[2] J. M. Tarascon, M. Armand, Issues and challenges facing rechargeable lithium batteries, 
Nature, 414 (2001) 359−367. 
[3] J. B. Goodenough, Y. Kim, Challenges for Rechargeable Li Batteries, Chem. Mater., 22 
(2010) 587−603. 
[4] K. Takada, Progress and prospective of solid-state lithium batteries, Acta Mater., 61 (2013) 
759–770.  
[5] N. Kamaya, K. Homma, Y. Yamakawa, M. Hirayama, R. Kanno, M. Yonemura, T. 
Kamiyama, Y. Kato, S. Hama, K. Kawamoto A. Mitsui, A lithium superionic conductor, 
Nat. Mater., 10 (2011) 682–686. 
[6] P. Knauth, Inorganic solid Li ion conductors: An overview, Solid State Ionics, 180 (2009) 
911–916. 
[7] Y. Inaguma, C. Liquan, M. Itoh, T. Nakamura, T. Uchida, H. Ikuta, M. Wakihara, High 
ionic conductivity in lithium lanthanum titanate, Solid State Commun., 86 (1993) 689–693. 
[8] H. Aono, E. Sugimoto, Y. Sadaoka, N. Imanaka, G. Adachi, Ionic Conductivity of Solid 
Electrolytes Based on Lithium Titanium Phosphate, J. Electrochem. Soc., 137 (1990) 
1023–1027. 
[9] J. B. Bates, N. J. Dudney, G. R. Gruzalski, R. A. Zuhr, A. Choudhury, C. F. Luck, J. D. 
Robertson, Electrical properties of amorphous lithium electrolyte thin films, Solid State 
Ionics, 647 (1992) 53–56. 
[10] Y. W. Hu, I. D. Raistrick, R. A. Huggins, Ionic Conductivity of Lithium Orthosilicate-
Lithium Phosphate Solid Solutions, J. Electrochem. Soc., 124 (1977) 1240–1242. 
                                                                                                          
75 
 
[11] M. Kotobuki, H. Munakata, K. Kanamura, Y. Sato, T. Yoshida, Compatibility of 
Li7La3Zr2O12 Solid Electrolyte to All-Solid-State Battery Using Li Metal Anode, J. 
Electrochem. Soc., 157 (2010) A1076–A1079. 
[12] Y. Li, C. Wang, H. Xie, J. Cheng, J. B. Goodenough, High lithium ion conduction in 
garnet-type Li6La3ZrTaO12, Electrochem. Commun., 13 (2011) 1289–1292. 
[13] R. Murugan, V. Thangadurai, W. Weppner, Fast Lithium Ion Conduction in Garnet-Type 
Li7La3Zr2O12, Angew. Chem. Int. Ed., 46 (2007) 7778–7781. 
[14] L. Cheng, E. J. Crumlin, W. Chen, R. Qiao, H. Hou, S. Franz Lux, V. Zorba, R. Russo, R. 
Kostecki, Z. Liu, K. Persson, W. Yang, J. Cabana, T. Richardson, G. Chen, M. Doeff, The 
Origin of High Electrolyte–Electrode Interfacial Resistances in Lithium Cells Containing 
Garnet Type Solid Electrolytes, Phys. Chem. Chem. Phys., 16 (2014) 18294–18300. 
[15] L. Cheng, W. Chen, M. Kunz, K. Persson, N. Tamura, G. Chen, M. Doeff, Effect of 
Surface Microstructure on Electrochemical Performance of Garnet Solid Electrolytes, 
ACS Appl. Mater. Interfaces, 7 (2015) 2073–2081. 
[16] R. Sudo, Y. Nakata, K. Ishiguro, M. Matsui, A. Hirano, Y. Takeda, O. Yamamoto, N. 
Imanishi, Interface behavior between garnet-type lithium-conducting solid electrolyte and 
lithium metal, Solid State Ionics, 262 (2014) 151–154. 
[17] K. Ishiguruo, H. Nemori, S. Sunahiro, Y. Nakata, R. Sudo, M. Matsui, Y. Takeda, O. 
Yamamoto, N. Imanishi, Ta-Doped Li7La3Zr2O12 for Water-Stable Lithium Electrode of 
Lithium-Air Batteries, J. Electrochem. Soc., 161 (2014) A668–A674. 
[18] A. Sharafi, H. M. Meyer, J. Nanda, J. Wolfenstine, J. Sakamoto, Characterizing the Li-
Li7La3Zr2O12 interface stability and kinetics as a function of temperature and current 
density, J. Power Sources, 302 (2016) 135–139. 
[19] L. Cheng, J. S. Park, H. Hou, V. Zorba, G. Chen, T. Richardson, J. Cabana, R. Russo, M. 
Doeff, Effect of Microstructure and Surface Impurity Segregation on the Electrical and 
                                                                                                          
76 
 
Electrochemical Properties of Dense Al Substituted Li7La3Zr2O12, J. Mater. Chem. A, 2 
(2014) 172–181. 
[20] C. L. Tsai, V. Roddatis, C. V. Chandran, Q. Ma, S. Uhlenbruck, M. Bram, P. Heitjans, O. 
Guillon, Li7La3Zr2O12 Interface Modification for Li Dendrite Prevention, ACS Appl. 
Mater. Interfaces, 8 (2016) 10617–10626.  
[21] A. Kato, A. Hayashi, M. Tatsumisago. Enhancing utilization of lithium metal electrodes 
in all-solid-state batteries by interface modification with gold thin films, J. Power Sources, 
309 (2016) 27–32. 
[22] H. Yamada, T. Ito, R. Hongahally Basappa, Sintering Mechanisms of High-Performance 
Garnet-type Solid Electrolyte Densified by Spark Plasma Sintering, Electrochim. Acta, 
222, (2016) 648–656. 
[23] W. Luo, Y. Gong, Y. Zhu, K. K. Fu, J. Dai, S. D. Lacey, C. Wang, B. Liu, X. Han, Y. 
Mo, E. D. Wachsman, L. Hu, Transition from Superlithiophobicity to uperlithiophilicity 
of Garnet Solid-State Electrolyte, J. Am. Chem. Soc., 138 (2016)12258–12262. 
[24] C. Wang, Y. Gong, B. Liu, K. Fu, Y. Yao, E. Hitz, Y. Li, J. Dai, S. Xu, W. Luo, E. D. 
Wachsman, L. Hu, Conformal, Nanoscale ZnO Surface Modification of Garnet-Based 
Solid-State Electrolyte for Lithium Metal Anodes, Nano Lett., 17 (2017) 565–571. 
[25] H. Buschmann, S. Berendts, B. Mogwitz, J. Janek, Lithium metal electrode kinetics and 
ionic conductivity of the solid lithium ion conductors “Li7La3Zr2O12” and 
Li7−xLa3Zr2−xTaxO12 with garnet-type structure, J. Power Sources, 206 (2012) 236–244. 
[26] M. Nagao, A. Hayashi, and M. Tatsumisago, Fabrication of favorable interface between 
sulfide solid electrolyte and Li metal electrode for bulk-type solid-state Li/S battery, 
Electrochem. Commun., 22 (2012)177–180. 
[27] S. S. Zhang, K. Xu, T. R. Jow, Electrochemical impedance study on the low temperature 
of Li ion batteries, Electrochim. Acta, 49 (2004) 1057–1061. 
                                                                                                          
77 
 
Chapter 5. Influence of Effective Contact Area between the Garnet-type 
Solid Electrolyte and Li metal on Li Dendrite Prevention 
                  
5.1 Introduction 
A rechargeable Li-metal-based battery is considered to be one of the most promising 
technologies for energy storage devices due to its high theoretical storage capacity, which is 
facilitated by the use of lithium (Li) metal, instead of lithiated graphite (3800 mAh/g compared 
to 372 mAh/g, respectively) [1-4]. Despite these attractive features, the use of Li metal in 
combination with liquid electrolytes is currently limited by the lithium dendritic growth during 
repeated charge−discharge cycles [5-7]. These lithium dendrites can ultimately reach the 
interelectrode space, short circuit the cell and cause overheating and thermal runaway. To 
suppress the formation of Li dendrites, various strategies have been tried out, protective coating 
layers on the lithium metal [8, 9], polymer electrolytes [10, 11], use of electrolyte additives [12, 
13], and using advanced separators [14]. However, these strategies have only achieved limited 
success because they do not change the thermodynamic tendency for Li metal to react with 
organic electrolyte.   
In this respect, inorganic solid electrolytes (ISEs) are potential candidates to replace 
organic electrolyte solutions and thereby to improve the safety of next-generation energy 
storage devices [15,16]. To achieve satisfactory lithium metal batteries, it is important to 
employ ISEs with high lithium ion conductivity and high electrochemical stability against 
lithium metal. According to a theoretical model by Monroe and Newman, shear modulus of 
ISEs are more than two times higher than that of metallic Li, which would suppress dendrite 
growth [17].  
Among various high-performance ISEs, garnet-type lithium ion conductors, with 
nominal composition of Li7La3Zr2O12 (LLZ), are promising candidates for electrolytes that 
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enable the safe use of the lithium metal anode due to its high ionic conductivity of 3 × 10−4 S 
cm−1 at room temperature (RT) and electrochemical stability against lithium metal [18, 19]. 
Further, they exhibit high shear modulus of ca. 55 GPa [20, 21]. However, for the past few 
years, it has been reported that short circuits occur during lithium deposition on the garnet-type 
solid electrolytes, which is due to lithium growth inside the solid electrolytes. N. Imanishi and 
co-workers reported short circuit of symmetric cells of Li | doped LLZ | Li by applying direct 
current (DC) [22−24]: all solid electrolytes with relative density of 92.8 ~ 96.7%, which were 
prepared by a conventional sintering process, short-circuited within 1000 s at current density 
of 0.5 mA cm−2.  The obtained results indicated that dendrite formation was independent on 
dopants that are added to stabilize cubic garnet-type structure.  
On the other hand, the relative density of sintered pellets showed positive correlation 
to lithium growth in Ta-doped LLZ (LLZT) pellet [25], which suggests that lithium eventually 
grows through open pores on grain boundaries of LLZT pellets to short-circuit cells. In terms 
of safety and reliability of batteries, short-circuit must be avoided. To suppress the lithium 
growth, several strategies have been attempted. Suzuki et al. prepared a Al-doped LLZ 
(Al:LLZ) pellet with a very high relative density of 99.1% by combination of conventional 
sintering (1180°C, 36 h) and subsequent hot isostatic press (1160°C, 2 h, 127 MPa) [26]. The 
obtained pellet included partly transparent regions, and the transparent part exhibited high 
tolerance of short circuit and voltage drop was not observed at 0.5 mA cm−2 up to 1000 s, above 
which all lithium on the anode was dissolved. The critical current density also depends on 
preparation methods of garnet-type solid electrolytes. Sharifi et al. prepared Al:LLZ by hot 
press, which exhibited rather low critical current density of 0.05 mA cm−2 at 30°C, in spite of 
rather high relative density of 97% [27]. Another strategy that has attracted much attention is 
to deposit thin layers of Au, Al and Zn on the LLZT surface to suppress the lithium growth. 
However, the formation of Li-alloys is not stable beyond the limiting current density [28-30]. 
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Although these strategies have addressed some of the challenges associated with lithium 
growth, the lithium growth still an inevitable issue at a high current density. 
In this work, I fabricated two interfaces for suppressing lithium growth on LLZT solid 
electrolytes:  larger effective contact area by depositing Li thin layer on rough LLZT surface 
by vacuum evaporation. And, Li metal attached to LLZT smooth surface. Critical current 
density on short circuit prevention was investigated. 
 
5.2 Experimental Section 
5.2.1 Materials and Preparation of LLZT Pellets 
Synthesis of LLZT powder and preparation of LLZT pellets are described in our previous work 
[31], and briefly explained in chapter 4 (section 4.2.1). 
 
5.2.2 Electrochemical Analysis 
To investigate the short-circuit prevention, first, all pellets were polished (grit number 
#400) inside the Ar-filled glovebox before assembling cells. Then, metallic lithium thin layers 
(ca. 2 μm in thickness) were deposited by a vacuum evaporation method and lithium foils with 
a diameter of 5 mm were attached on both sides of the pellets. Vacuum evaporation was carried 
out in the glovebox, and details of the symmetric cell of Li | LLZT | Li was described in chapter 
4 (section 4.2.3.). Before the DC polarization, the cells were heated at 175°C for 2 h to ensure 
good contact between Li foils and LLZT.  
Charge transfer resistance (RCT) at room temperature was analyzed using a potentio-
galvanostat (Solartron Analytical, S1470E) equipped with a frequency response analyzer 
(Solarton Analytical, S1255B) in the frequency range from 500 kHz to 0.1 Hz with an 
oscillation voltage of 10 mV. DC polarization was conducted on the symmetric cells to obtain 
the critical current density at which short-circuit occurs, in the following procedure. First, DC 
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with a constant current density of 0.05 mA cm−2 was applied for 30 min. Then, the same current 
density with opposite polarity was applied for 30 min. between each galvanostatic process, 10-
min and subsequent AC impedance were inserted. The cycle of DC polarization, rest and 
impedance were repeated 5 times, and same procedure was conducted with progressively 
increasing current density until cell voltage dropped, i.e. short-circuited. After the DC cycling, 
the cells were disassembled in the glovebox, and lithium foils were removed from the short-
circuited LLZT pellets. 
 
5.3 Results and Discussion  
5.3.1 Short-circuit Prevention 
The effective contact area of Li | LLZT interface was characterized by critical current 
density on short circuit prevention. Direct current (DC) polarization was conducted with 
increasing current density starting with 0.05 mA cm−2 as shown in Figure 5.1. A constant 
current density was applied in one direction for 30 min, and the same current density was 
applied in the opposite direction. A 10-min rest was taken after each galvanostatic step, and 
these 4 steps were repeated for 5 cycles at each current density. The cell voltage was stable up 
to 0.3 mA cm−2, however, the cell voltage suddenly dropped to 0 V, suggesting the dendrite 
formation between two Li electrodes [19,22,24]. Compared with a cell Li | LLZT(#4000) | Li, 
which exhibited the critical current density of 0.2 mA cm−2 (Figure 5.2), the interface consisting 
of Li(ve) prevented short circuit at higher current densities. This suggests that large contact 
area reduces local current density around the electrodes, and thus, suppresses the dendrite 
formation.  
Compared with the reported values obtained by similar experimental conditions, 
[32,28] the critical current density of 0.4 mA cm−2 at room temperature is rather large, 
indicating shows the importance of preparation of homogeneously intimate contact interface.  





















































































































Figure 5.3. DC polarization curves of cells of Li | Li(ve) | LLZT(#400) | Li(ve) | Li. 
 
On the other hand, cycling under the same operation condition, the Li | Li (ve) | LLZT (#400) 
| Li (ve) | Li cell exhibited same critical current density except with voltage fluctuation as shown in 
figure 5.3. The cell voltage was rather stable up to 0.2 mA cm−2, however, the cell voltage started 
to fluctuate at 0.3 mA cm−2. At 0.4 mA cm−2, after large fluctuation for a few cycles, the cell 
voltage suddenly dropped and was stable at ca. 0.02 V, suggesting the dendrite formation 






















































Figure 5.4. Nyquist plots of the symmetrical cell Li | Li(ve) | LLZT(#400) | Li(ve) | Li in the 
course of the DC polarization tests. The numbers on plots show frequency. 
 
Figure 5.4 shows change in electrochemical impedance spectroscopy of the cell during 
the DC polarization cycle of Li | Li(ve) | LLZT(#400) | Li(ve) | Li (Figure 5.3). In the beginning, 
the cell exhibited a Nyquist plot consisting of a depressed semicircle. With increasing the 
current density, only a part in low-frequency range expanded. The results suggest that the 
Nyquist plots contain two electrochemical processes: solid electrolyte resistance (SER) and 
RCT. It is obvious that only RCT gradually increased with increasing the current density, while 
SER was stable even after DC polarization at 0.3 mA cm−2. The increase in RCT would result 
from the deterioration of the effective contact area due to Li dissolution (i.e. void formation) 
on one electrode [33-35]. The recovery of the voltage on the reverse current suggests voids are 
filled again, although a part of voids may remain unfilled. After DC polarization of 0.4 mA 
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It should be noted that the intercept of the semicircle at high frequency was still ca. 40 
Ω cm2 after the voltage drop at 0.4 mA cm−2, which is much higher than the reported values 
[25, 27]. Furthermore, the Nyquist plot exhibited a small semicircle attributable to RCT. In order 
to confirm the evidence of the dendrite formation, Li electrodes were removed in an Ar-filled 
glove box by polishing the LLZT pellets after the voltage drop. As shown in Figure 5.5a, no 
trace of dendrite was obvious for the cell with Li(ve) layers, while the cell without Li(ve) layer 
clearly showed several black spots indicating short circuit (Figure 5.5b) [27,32]. Such 
mysterious phenomena, i.e. reduction of resistance without trace of dendrite, require further 
detailed analysis. One of plausible mechanisms may be growth of narrow Li dendrites. The 
dendrites were so narrow that interfacial energy of Li | LLZT is higher than that on the Li 
electrodes.  
The difference in the interfacial energy would cause local cells of Li(dendrite) | LLZT 
| Li(electrode): the narrow dendrites were easily dissolved in LLZT pellets while the same 
amount of lithium was deposited on the Li electrodes accompanied by electron conduction 
through the dendrites. When thick dendrite was formed in the LLZT, the interfacial energy on 
the dendrite was not enough to form local cells. The formation mechanism of narrow dendrites 
would be explained as follows: the interface with Li(ve) layer exhibits large contact areas, 
meaning that there are many points where dendrites grow and the local current density on each 
dendrite is small. Then, each dendrite is narrow. On the other hand, when effective contact area 
is less, points of dendrite growth are also less and large local current density is applied to each 
dendrite. In this case, dendrite becomes thick. This mechanism is also supported by the 
following experimental fact: when DC polarization was continued up to 1.0 mA cm−2 after the 
voltage drop for Li | Li (ve) | LLZT(#400), the LLZT pellets exhibited black spots. This is 
possibly because the effective contact area was reduced (as suggested in Figure 5.5) and higher 
current density was applied. 












Figure 5.5.  Optical images of LLZT pellets after voltage drop on dc polarization. (a) Li | 
Li(v.e.) | LLZT(#400) | Li(v.e.) | Li and (b) Li | LLZT(#4000) | Li. 
 
5.4 Conclusion  
 In this chapter, I demonstrated that large effective contact area protects short circuit on 
DC polarization with Li electrodes. It suggest that large effective contact area effectively 
hinders dendrite formation. The interface prepared by vacuum evaporation of Li on 
LLZT(#400) accompanied by heat-treatment exhibited the highest critical current density of 
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Chapter 6. Grain Boundary Modification to Suppress Lithium Growth 
through LLZT Solid Electrolyte 
 
6.1   Introduction 
Garnet-type Li7La3Zr2O12 (LLZ) and its family has emerged as one of the most 
promising solid electrolytes for advanced battery technology such as all-solid-state Li-ion 
batteries (ASSBs). Its advantages include high Li+ conductivity in the order of 3 × 10−4 S cm−1 
at room temperature (RT) in cubic phase and electrochemical stability against lithium metal 
anode [1-3]. However, the power density of the battery using LLZ electrolyte is insufficient for 
practical use because of the problem of lithium growth at high current density. There are few 
ways to control the lithium growth in LLZ. First, to from the favorable interface between Li 
and LLZ, Second, modification of LLZ grain boundary. In chapter 5 I had been discussed 
favorable interface issues for lithium suppression. In this chapter, I will discuss grain boundary 
modification of LLZ to suppress the lithium growth. Lithium formation has been observed in 
cubic LLZ at current densities > 0.5 mA cm−2 as explained in chapter 5 [4-13]. It was speculated 
that this phenomenon was attributed to the lithium growth through the grain boundaries and 
voids inside the electrolyte [14]. Cheng et al. investigated critical current density (current 
density at which short circuit occurs) of Al:LLZ with various microstructures: Al:LLZ 
consisting of small grains was higher than that of Al:LLZ consisting of large grains [15].  
From these lithium growths suppression test results, reasons for the formation of the 
lithium growth and options to prevent the formation of lithium growths by grain boundary 
modification were derived and will be discussed in this chapter. 
In this study, I prepared Li6.5La3Zr1.5Ta0.5O12 (LLZT) pellets with different 
microstructures by modifying the surface of LLZT powders. The powders were covered with 
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Li2CO3, LiOH or nothing. By combination of SPS and the surface-modified LLZT powders, I 
improved tolerance of the short circuit. Mechanism of the short circuit prevention was also 
studied by investigating influence of the microstructure. 
 
6.2. Experimental Section  
6.2.1 Materials and Preparation of LLZT Pellets 
LLZT powders and pellets were prepared by a solid-state reaction and following spark 
plasma sintering technique (SPS) as reported in our previous work [12, 13]. Stoichiometric 
amounts of LiOH·H2O (Kishida Chemical Co. Ltd., 99.0%), La2O3 (Kishida Chemical Co. Ltd., 
99.99%), ZrO2 (Kishida Chemical Co. Ltd., 99.9%) and Ta2O5 (Wako Pure Chemical 
Industries Ltd., 99.9%) were used as starting materials to prepare various types of LLZT 
powders. Excess lithium by 10% was added to compensate decrease in lithium on a high 
temperature process. LiOH·H2O was dried at 200°C and La2O3 was heated at 800°C in advance 
to remove water and CO2, respectively. The mixture of the starting materials was calcined at 
900°C for 12 h to obtain LLZT powder. The obtained powders were pelletized with a graphite 
die and punches by the SPS technique at 950°C for 10 min. with uni-axial pressure of 25 MPa 
under reduced pressure (< 5 Pa). The surface of the pellets was polished to remove the residual 
graphite sheets on their surface using emery papers (grit number #400 and #1500). The 
diameter and the thickness of the pellet were 10 mm and 0.8-0.9 mm, respectively.  
In this work, I prepared three types of LLZT pellets with the same procedures. For the 
first specimen, all the process (except for the SPS) was carried out in air, which is named as 
LLZT-air. The second specimen was prepared without exposure to air, namely LLZT-w/o-air: 
LiOH·H2O was dried under vacuum, LLZT was calcined in pure O2 using a furnace directly 
connected to an Ar-filled glovebox (O2: < 0.1 ppm, H2O < 1 ppm) and the specimen were 
handled, stored and analyzed without air exposure. The last one, named as LLZT-2calc, was 
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prepared by modifying LLZT-air with LiOH: LLZT-air was mixed with 2 wt-% of additional 
LiOH (corresponding to 0.65Li in composition) using a planetary ball-mill with a ZrO2 pot and 
balls (3 mm in diameter, ball-powder ratio was 1 : 1 by vol.) at 300 rpm for 1 h. Then, the 
mixture was calcined at 900°C for 12 h in air again.  
 
6.2.2 Structural Characterization 
The relative density of the pellets was calculated from the ratio of experimental density 
to the theoretical density. The experimental density was obtained from weight and volume of 
each sintered pellets, and theoretical density of pellets was calculated from the lattice 
parameters determined by X-ray diffraction (XRD). The obtained pellets showed a relative 
density of 96.6% for LLZT-air, 95.8% for LLZT-w/o-air, and 96.4% for LLZT-2calc, which 
are an average of three different pellets. Sintered pellets were characterized for their phase 
purity by XRD on a SmartLab (Rigaku Corp.) equipped with an X-ray source of CuKα (45 kV, 
200 mA) using Ar-filled sample holders covered with a Kapton film. Microstructure of the 
LLZT powders and pellets were investigated by using a scanning electron microscope (SEM; 
JCM-5100M, JEOL Ltd.) and a scanning transmission electron microscope (STEM; JEM-
ARM200F, JEOL Ltd.). To observe the microstructure of inner parts of LLZT pellets, pellets 
were thinned by dimple-grinding and subsequent Ar-ion milling. Element distribution on grain 
boundaries of pellets were studied by energy dispersive X-ray spectroscopy (EDS) on a STEM. 
For the STEM-EDS observation, thin specimens were prepared from LLZT pellets using 
focused ion beam (FIB; JIB-4501, JEOL Ltd.).  Fourier transform infrared spectroscopy (FT-
IR) was conducted on an IR-Prestage21 (Shimadzu Corp.) to investigate amorphous or poorly 
crystalline phases in the LLZT powders. The LLZT powders were dispersed in KBr matrices, 
and then pelletized in the glovebox. The spectra in the wavenumber region of 400-4000 cm−1 
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were recorded. Elemental analysis of LLZT powders and pellets was conducted by inductively 
coupled plasma – optical emission spectroscopy (ICP-OES, ULTIMA2, HORIBA Ltd.). 
 
6.2.3 Electrochemical Analysis 
Ionic conductivity of the LLZT pellets were obtained from AC impedance measurement 
using HP4192A (Keysight Technologies) in the frequency range from 10 MHz to 10 Hz with 
an oscillation voltage of 10 mV. Au layers with a thickness of ca. 300 nm were deposited by 
sputtering on both sides of the pellets. The pellets were sandwiched by Au covered Cu 
electrodes and placed in a glass tube in which Ar flowed. Temperature of the cell was controlled 
by an oven from 110°C to −15°C with a slow cooling rate of 0.25°C/min, which was slow 
enough to reach quasi-equilibrated state. The obtained impedance data were analyzed using a 
Z-View software (Scribner Associates Inc.). Procedure for investigation of short-circuit 
prevention was described in chapter 5 (section 5.2.2). 
 
6.3. Results and Discussion  
6.3.1 Phase and Morphology Analysis of Solid Electrolytes 
XRD profiles (Figure 6.1) indicate that all of the prepared powders and the sintered 
pellets consisted of phase-pure garnet-type structure.  
 




Figure 6.1. XRD profiles of (a) powders and (b) pellets of LLZT-air, LLZT-w/o-air, and LLZT 
2calc. 
 
To investigate amorphous phases and/or poorly crystallized phases, FT-IR was 
conducted (Figure 6.2). For LLZT-air, strong absorption peaks were observed at 1429 and 1495 
cm−1, which are attributed to ν3 mode vibration of trigonal planar CO3
2−. Other two peaks at 
866 and 1088 cm−1 are also attributed to CO3
2− (ν2 and ν1, respectively). In addition, a broad 
middle peak at 3537 cm−1 indicates OH bond in garnet-type structure [16]. These results 
indicate H+/Li+ ion exchange and following reaction with CO2 to form Li2CO3 for LLZT [17, 
18]. For LLZT-w/o-air, Li2CO3 was still confirmed but drastically suppressed. The formation 
of Li2CO3 on LLZT-w/o-air indicates the strong sensitivity of LLZT to H2O and CO2, which 
were kept below 1 ppm in the glovebox. Li2CO3 was also suppressed for LLZT-2calc, while 
sharp vibration peaks of OH were observed at 3564 cm−1 (free OH) and 3674 cm−1 (hydrogen 
bonded OH) [16]. Additionally, a small peak at 1572 cm−1 is ν2 mode of a water molecule. 
These results suggest that LiOH·H2O is dominantly formed on the surface of LLZT-2calc 
particles. Neither LiOH nor Li2CO3 was detected by XRD, and thus these phases are supposed 








































10 20 30 40 50 60
(a) (b) 













Figure 6.2. FT-IR spectra of LLZT powders prepared by different conditions. 
As shown in Figure 6.3, the composition of all LLZT powders and pellets are almost 
the same. For LLZT-air and LLZT-w/o-air, the same Li composition is due to the same 
composition of the starting materials. Interestingly, LLZT-2calc also exhibits the same 
composition in spite of the addition of excess LiOH before the 2nd calcination. It is supposed 
that most of the excess Li-component on the LLZT-2calc evaporated during the calcination, 
and only little LiOH·H2O remains on the LLZT particles. From the thermal gravimetric 
analysis of LiOH·H2O (Figure. 6.4), the following process on the 2nd calcination is proposed. 
First, LiOH is decomposed to Li2O. Next, Li2O (and remaining LiOH) reacts with atmospheric 
CO2 to form Li2CO3, but most of Li2CO3 is decomposed into Li2O above 700°C. At the same 
time, Li2CO3 evaporates, which induces reverse reaction of the equilibrium: Li2CO3 ⇄ Li2O + 
CO2. These reactions gradually decrease Li-component from the reaction system, and only a 
little Li2O remains on the LLZT particle. Finally, Li2O absorbs H2O to form LiOH and 

































Figure 6.3. Composition of (a) LLZT powders and (b) LLZT pellets, obtained by ICP-OES. 
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Figure 6.5 exhibits morphology of LLZT powders. Particle size of LLZT-air and LLZT-
w/o-air was almost monodispersed around ca. 1 μm, while for LLZT-2calc, slightly large 
particles with a diameter of ca. 2 μm were observed in addition to the 1-μm particles. From the 
density of LLZT and LiOH, the volume fraction of additional LiOH is ca. 7.3%, which cannot 
account for the large grains. Therefore, it is supposed that LiOH partly facilitated the grain 
growth of LLZT particles. The surface of LLZT-air particles were covered with small plates, 
which would be Li2CO3 crystalline. On the other hand, the other powders consisted of round-
shaped smooth particles.  
 
Figure 6.5. SEM images of LLZT powders (a) and (d) LLZT-air, (b) and (e) LLZT-w/o-air, 
and (c) and (f) LLZT-2calc. 
 
In spite of the almost same relative density for the three specimens (95.8-96.6%), the 
pellets looked differently: LLZT-air and LLZT-w/o-air were opaque and white, while LLZT-
2calc was translucent as shown in Figure 6.6. The translucence indicates less scattering in the 
pellet.  






Figure 6.6. Optical images of LLZT pellets. (a) LLZT-air, (b) LLZT-w/o-air, and (c) LLZT-
2calc. 
 
Figure 6.7 demonstrates SEM images of surface of the LLZT pellets after the surface 
was grinded by at least 0.1 mm and then mirror polished. In the images, voids were confirmed 
as indicated with arrows. It is not known whether each void is interconnected open pore or not, 
however, it is clear that more voids were observed on the surface of LLZT-w/o-air than the 
others, which would increase possibility of lithium growth through the voids. As for the cross-
section images (Figure 6.8), both grains and continuous regions were observed in all specimens. 
However, more continuous regions were confirmed in LLZT-air. The continuous region is 
supposed to be Li2CO3 and/or LiOH, which originally covered the surface of particles. Due to 
the low melting points of these phases (Li2CO3: 700°C, LiOH: 462°C), the surface layers were 









Figure 6.7. SEM images of mirror-polished surface of LLZT pellets: (a) LLZT-air, (b) LLZT-




Figure 6.8. SEM images of fractured cross-section of LLZT pellets: (a) and (d) LLZT-air, (b) 
and (e) LLZT-w/o-air, and (c) and (f) LLZT-2calc. 
 
To investigate the detailed structure of grain boundaries, STEM was conducted to 
observe three dimensional connection of voids. Figure 6.9 shows bright field images of inner 
parts of LLZT pellets (LLZT-air and LLZT-w/o-air). In the low magnification images (Figure 
6.9(a), (c)), bright lines along open grain boundaries are observed, which may be probably 
formed during the thinning process (dimple grinding and Ar-ion milling). Except for the open 
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grain boundaries, LLZT-air exhibited less voids, but gray regions were observed. In a 
magnified image of those gray region (Figure 6.9(b)), it is confirmed that translucent 
substances filled the grain boundaries, which is possibly Li2CO3. On the other hand, for LLZT-
w/o-air, several triangular or square voids were confirmed without other substances (Figure 
6.9(c), (d)). It is obvious that these polygonal voids were on the grain boundaries and some of 
them were interconnected (see Figure 6.9(d)). These voids are possibly thermal etching grooves 
formed on the grain boundaries [19]. On thermal equilibrium, dihedral angle (ϕ) on a grain 
boundary is dependent on a ratio of grain boundary energy (γgb) to surface energy (γSV):  
 𝛾gb = 2𝛾SV cos
𝜙
2
        (1) 
When ϕ is smaller, i.e. γgb is relatively larger than γSV, grain microstructures with large solid-
vapor interfacial area and smaller grain boundary areas are preferable. This results in 
interconnected pores along triple junction grain boundaries. The critical dihedral angle for 
interconnected pores is 60°: for ϕ < 60°, voids are interconnected along triple junction grain 
boundaries [19]. For LLZT-air, it is supposed that molten Li2CO3 fills the voids and Eq. (1) 
can be applied by replacing γSV with interfacial energy (γSL) between solid (LLZT) and liquid 
phase (Li2CO3). In Figure 6.9(b), Li2CO3 (the liquid phase above 700°C) seems to be 
interconnected with smaller ϕ. However, the voids were plugged with Li2CO3, which is 








Figure 6.9. STEM bright field images of (a) and (b) LLZT-air, (c) and (d) LLZT-w/o-air. 
 
To confirm distribution of elements around grain boundaries of LLZT-air, STEM-
EDS analysis was conducted (Figure 6.10). The STEM dark-field image shows grain 
boundaries among three grains. One grain boundary was clearly open (from center to top left 
of the image), which may be opened during the preparation of the specimen (polishing and/or 
FIB process). Here, another grain boundary running from the center to the bottom is focused. 
Note that the STEM image clearly demonstrates an interphase between two grains, while EDS 
map images show constant distribution of Zr, La and Ta around this grain boundary. This 
suggests that LLZT was newly deposited on the grain boundary. On the other hand, intensity 
2 μm 200 nm 
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of C was increased around the grain boundary, which indicates Li2CO3 around the grain 
boundary. These results suggest that LLZT-air was sintered via a process with liquid phase [19, 
20]. 
 
Figure 6.10. STEM dark-field image and EDS map images of a LLZT-air pellet. 
 
Regarding another grain boundary running horizontally from center to the right, La, 
Zr and Ta seemed relatively enriched. This would be pyrochlore-type Ta-doped La2Zr2O7. It is 
supposed that this phase was produced during sintering surface of the LLZT-air particles, on 
which Li-poor region existed due to the ion exchange of Li and H. 
 
6.3.2 Ionic conductivity 
Figure 6.11 shows the Nyquist plots of the sintered pellets recorded at 25°C and −15°C. 
At 25°C, part of a semi-circle was observed above 106 Hz, accompanied by a straight line. 
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Table 6.1 summarize total ionic conductivity and activation energy of the LLZT pellets. At 
25°C, clear difference was not confirmed between the three types of pellets. As temperature 
was decreases, the semi-circle appears more clearly confirmed and a trace of another semi-
circle was confirmed as change in the slope of the straight line in the frequency region from 
105 to 103 Hz (Figure 6.11(b)). For detailed analysis, the Nyquist plots recorded below −5°C 
were fitted with an equivalent circuit shown in Figure 6.12(a). Capacitance was obtained from 
the resistance (R) and parameters (P, T) of the constant phase element (CPE) using the 
following equation [20, 21]: 
 𝐶 = 𝑅(1−𝑃)/𝑃𝑇1/𝑃        (1) 
Table 6.2 lists examples of the obtained values. Characteristic capacitances for C1 and 
C2 were ~10
−11 F and 10−8 F, respectively, indicating that these processes are attributed to bulk 
resistance and grain boundary resistance, respectively. Inverse resistivity of the bulk and the 
grain boundary was plotted as a function of temperature in the form of Arrhenius-type equation. 
Although bulk resistivity was almost similar for all the pellets, LLZT-w/o-air exhibited higher 
grain-boundary resistivity than the others. This suggests that grain boundary of LLZT-w/o-air 
was less sintered in comparison with the others, which is consistent with the SEM images 
showing more pores in LLZT-w/o-air. As indicated by STEM-EDS results, it is supposed that 
Li2CO3 and/or LiOH would not only fill voids but also assist sintering via liquid phase sintering. 
However, activation energy of the grain boundary resistance was increased, which is probably 
due to the residual Li2CO3 and/or LiOH on the grain boundary. 
Compared with LLZT-air, LLZT-2calc exhibited higher bulk resistivity and lower 
grain boundary resistivity (Figure 6.12(b)). The higher bulk resistivity is explained by the 
additional LiOH, while LLZT-air contains only Li2CO3 that originated from LLZT itself. The 
lower grain boundary resistivity suggests the better-sintered grain boundary for LLZT-2calc. 
 




Table 6.1. Relative density and ionic conductivity of LLZT pellets (averaged value of three 
pellets). 
 Relative density Total ionic 
conductivity @25°C 
Activation energy 
LLZT-air 96.6% 7.2 × 10−4 S cm−1 0.458 eV 
LLZT-w/o-air 95.8% 6.6 × 10−4 S cm−1 0.452 eV 
LLZT-2calc 96.4% 7.6 × 10−4 S cm−1 0.459 eV 
 
Table 6.2. Fitting parameters of Nyquist of LLZT pellets recorded at −15°C. 
 R1 R2 C1 C2 χ
2 
LLZT-air 1577 Ω 125.2 Ω 3.7 × 10−11 F 3.9 × 10−8 F 2.0 × 10−5 
LLZT-w/o-air 2241 Ω 413.2 Ω 3.0 × 10−11 F 2.1 × 10−8 F 2.6 × 10−5 
LLZT-2calc 1822 Ω 115.4 Ω 3.4 × 10−11 F 1.5 × 10−8 F 6.1 × 10−5 
      
 
 



















Figure 6.12. (a) Equivalent circuit used for fitting Nyquist plots of LLZT pellets recorded 



































































Element Freedom Value Error Error %
R1 Free(+) 1359 N/A N/A
CPE1-T Free(+) 4.949E-07 N/A N/A
CPE1-P Free(+) 0.44901 N/A N/A
R2 Free(+) 5932 N/A N/A
CPE2-T Free(+) 1.9587E-08 N/A N/A
CPE2-P Free(+) 0.79973 N/A N/A
CPE3-T Free(+) 4.2935E-07 N/A N/A
CPE3-P Free(+) 0.81088 N/A N/A
Data File:
Circuit Model File: C:\Users\Yamada\Documents\NU-DATA\LATP\S
PS\electrochemistry\EIS\Equivalent-circu
it_Li_sym2-2nd.mdl
Mode: Run Fitting / Selected Points (0 - 0)
Maximum Iterations: 100
Optimization Iterations: 0
Type of Fitting: Complex
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6.3.3 Short-circuit Prevention 
Charge transfer resistance of symmetric cells of Li | LLZT | Li was obtained from AC 
impedance measurement [13], which is shown in Figure 6.13. In the Nyquist plots, one or two 
semi-circle was observed. The semi-circles observed in higher and lower frequency range are 
related to charge transfer resistance (RCT) and Warburg impedance. RCT of all pellets were as 
small as 47 to 69 Ω cm2, indicating the homogeneous contacts are formed between vacuum-









Figure 6.13. Nyquist plots for Li | LLZT | Li cells measured at room temperature after heated 
at 175°C. (a) LLZT-air, (b) LLZT-w/o-air, and (c) LLZT-2calc. 
 
Figure 6.14 shows the DC polarization curves of Li | LLZT | Li. At 0.05 mA cm−2, all 
the cells exhibited low and stable voltage of 0.01-0.02 V. With increasing the current density, 
the cell voltage started to fluctuate, indicating decreased effective contact area on lithium 
dissolution into the solid electrolytes. Then, an abrupt drop in the polarization voltage was 
observed for all pellets, which shows short circuit between two electrodes due to lithium growth 
through the pellets. A similar phenomenon was observed in previous reports [8, 7, 13, 15]. The 
critical current density, which is defined as a current density when the cell voltage dropped, 
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increased in the order of LLZT-w/o-air (0.15 mA cm−2) < LLZT-air (0.4 mA cm−2) < LLZT-
2calc (0.6 mA cm−2). The critical current density of each pellet was reproducible. Since the 
relative density of the pellets are almost same, it is supposed that the critical current density is 
correlated to the microstructure of the LLZT pellets. For LLZT-w/o-air, grain boundaries are 
less sintered in comparison to the others, as indicated by ionic conductivity analysis at low 
temperature (see Figure 6.12 and Table 6.1). Further, more voids were observed in the pellet 
(Figures 6.7(b) and 6.9(a), (b)), and thus, number of interconnected open pores would be the 
highest. For LLZT-air and LLZT-2calc, as suggested by SEM and STEM, Li2CO3 and/or LiOH 
fills the voids among grains and facilitated sintering so that higher critical current density was 
obtained. The highest critical current density of LLZT-2calc can be accounted for by the well-












Figure 6.14. DC polarization curves of Li | LLZT | Li cells measured at 25°C using LLZT 
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Here, let us discuss the degree of the sintering on grain boundaries further.  It is 
supposed that lithium growth depends on the degree of sintering on grain boundaries by three 
means: (1) the highly sintered grain boundaries would decrease interconnected pores; (2) when 
dihedral angle on grain boundaries are small (i.e. γgb/γSV), pores would be interconnected along 
grain boundaries as explained in Sec. 6.3.1.; (3) the well-sintered grain boundaries without 
impurities would be mechanically strong and the grain boundaries would be hardly opened on 
lithium growth. On the other hand, poorly sintered grain boundaries can be broken as lithium 
grows. As shown in Figure 6.8, shape of grains are obvious on the fractured cross-section, 
meaning that grain boundaries are mechanically weaker than bulk. Therefore, when grain 
boundaries are poorly sintered, growing lithium would break the grain boundaries like a wedge 
even if they were closed. Furthermore, in Figures 6.8(a) and 6.8(c), more Li2CO3 and/or LiOH 
are observed than included in each pellet, which suggest the grain boundaries with these phases 
are weaker than without these phases. Therefore, it is supposed that Li2CO3 and/or LiOH have 
both positive and negative influence on the short circuit prevention: these materials on grain 
boundaries directly hinder lithium growth, and they facilitate sintering.  
On the other hand, when more Li2CO3 and/or LiOH are deposited on grain boundaries, 
such pellets would be mechanically weak and would be less tolerant to lithium growth. This 
would be one of reasons why LLZT-air and LLZT-2calc still short-circuited below 1 mA cm−2. 
To confirm the wedge mechanism, influence of the amount of the surface modification layer 
would be studied in future works. For higher critical current density, it is important to optimize 
the amount of the modifier as well as sintering condition. 
 
6.4 Conclusion  
In this chapter, I prepared garnet-type solid electrolytes with various microstructures by 
different synthesis conditions. This study demonstrates the correlation between the 
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microstructure of the pellets and lithium growth suppressions. LLZT-air and LLZT-2calc 
exhibit high critical current density of 0.4 mA cm−2 and 0.6 mA cm−2, respectively, while LLZT 
without modification results in short circuit at 0.2 mA cm−2. STEM dark-filed images and EDS 
map images indicate that surface modification layers of Li2CO3 and/or LiOH not only fill voids 
but also facilitate sintering to exhibit high critical current density. Furthermore, SEM images 
and EIS analysis also supported the effect of the surface modification. The results suggests that 
by improving the interconnection between grains and, with decreasing voids in the 
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Chapter 7. Thesis Summary 
In summary, the work discussed in the chapters above has shown several promising 
strategies to design garnet-type solid electrolytes for all-solid-state batteries (ASSBs) 
applications. In this thesis, garnet-type Li6.5La3Zr1.5Ta0.5O12 (LLZT) powders and pellets were 
prepared by a solid-state reaction and following spark plasma sintering technique. Various 
techniques viz. X-ray diffraction, scanning electron microscopy, scanning probe microscopy, 
fourier transform infrared spectroscopy, scanning transmission electron microscope, energy 
dispersive X-ray spectroscopy, and electrochemical impedance spectroscopy methods were 
used for investigating in detail the LLZT solid electrolyte properties as well as to establish the 
correlation of structure with electrochemical characterization. High relative density of 96% 
was achieved for all LLZT pellets, and total ionic conductivity of 7 × 10−4 S cm−1 at 25°C was 
observed.  
In the initial of this thesis, overcoming the charge transfer resistance (RCT) at the 
solid/solid interface between the Li metal and LLZT was a big challenge. LLZT solid 
electrolyte with a various surface roughness could help to minimize this challenge. For example, 
pellets were polished using emery papers with various grit numbers starting from #400 to 
#8000. And then, a thin layer of either an ionically conductive (Li layer) or electronically 
conductive (Au layer) metals were deposited on the surface solid electrolyte would help to 
enhance the ionic electrode/electrolyte interface. Insertion of a lithium thin layer between the 
electrode and the solid electrolyte would be an effective approach. This was clearly 
demonstrated in all the LLZT solid electrolytes discussed in Chapter 4. Interface structure 
between Li and LLZT solid electrolyte was investigated by means of electrochemical 
impedance spectroscopy. It suggests that RCT was significantly dependent on the surface of the 
pellet as well as heat treatment. Lowest RCT was obtained (69 Ω cm
2) for pellet polished #400 
with lithium vacuum-evaporation. In addition, the influence of effective contact area on short 
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circuit prevention was investigated in chapter 5. Effective contact area efficiently hinders 
lithium dendrite formation, and highest critical current density of 0.4 mA cm−2 was achieved 
for vacuum-evaporated Li system. In chapter 6, grain boundary modification had been 
demonstrated to further suppress of lithium growth. The result suggests that by improving the 
interconnection between grains and, with decreasing voids in the microstructure would 
effective strategies to suppress the lithium growth along the grain boundaries. In this case, 
critical current density of 0.6 mA cm−2 was achieved for grain boundary modified LLZT pellet. 
Overall, the information available at present is encouraging for ASSBs based on 
garnet-type solid electrolytes. Realization of garnet-type solid electrolytes with the necessary 
parameters would enable new battery chemistries and affordable, advanced battery systems 
that would revolutionize the rechargeable battery field, providing good levels of safety, high 




List of Publications 
 
1. Rajendra Hongahally Basappa, Tomoko Ito, Hirotoshi Yamada; Contact between 
Garnet-Type Solid Electrolyte and Lithium Metal Anode: Influence on Charge 
Transfer Resistance and Short Circuit Prevention, Journal of the Electrochemical 
Society, 164(4), pp. A666-A671 (2017.4). 
 
2. Rajendra Hongahally Basappa, Tomoko Ito, Hirotoshi Yamada, Takao Morimura, 
Raman Bekarevich, Kazutaka Mitsuishi; Grain Boundary Modification to Suppress 
Lithium Penetration through Garnet-Type Solid Electrolyte, Journal of Power 
Sources, 363, pp. 145-152 (2017.09). 
 
3. Hirotoshi Yamada, Tomoko Ito, Rajendra Hongahally Basappa; Sintering 
Mechanisms of High-Performance Garnet-type Solid Electrolyte Densified by Spark 
Plasma Sintering, Electrochimica Acta, 222, pp. 648-656 (2016.12). 
 
 
Not Included in this Thesis 
1. Hirotoshi Yamada, Tomoko Ito, Rajendra Hongahally Basappa, Raman Bekarevich, 
Kazutaka Mitsuishi: Influence of Strain on Local Structure and Lithium Ionic 



























I take this as an opportunity to express my gratitude to everyone who supported me 
throughout the course of this research. I am grateful for their truthful and illuminating views 
on a number of issues related to the present work. 
First and foremost, I would like to express my gratitude to Dr. Hirotoshi Yamada for his 
supervision, thoughtful advice and patience from the very early stage of my stay in 
Nagasaki, especially at times when I felt my performance was not up to the expectation. 
His truly scientific intuition and passions in science have made him a constant source of 
inspiration that enrich me as a student. For the last three years he has been very active and 
supportive and aided me in every possible way, whatever, whenever, and wherever it was 
needed. I owe him more than I could express. Beyond the academic horizon, I am always 
grateful to him for his support extended to me during my stay at Nagasaki. I would not have 
completed my Ph. D program without his support and guidance. 
 
I would like to express my special thanks to Ms. Tomoko Ito for the preparation of solid 
electrolyte. 
 
I am grateful to Prof. Takao Morimura from Nagasaki University, and Prof. Raman 
Bekarevich and Prof. Kazutaka Mitsuishi from National Institute for Materials Science for 
their useful STEM measurements. 
 
I am grateful to all my thesis reviewer, Prof. Isamu Moriguchi, Prof. Shuji Tanabe, and Prof. 
Takeo Hyodo. 
 
I would also like to thank Ms. Nakamura Kiyoko for her enormous help and support to get 
happy life in Nagasaki. 
 
I am grateful to Mr. Furukawa Hiroshi who was prompt enough to perform all of my 
materials characterization experiments. 
 
I am grateful to all my course work instructors, Prof. Zheng Guobin and Prof. Kai Kamada. 
  
I thank to Dr. Koki Urita for his help to my research work. I would also like to thank Dr. 
Chulmin Hwang, Dr. shinji Oro, shoto Shiraishi, Koshin, Ogo, and Onigiri for their 
enormous help, patience and good will with explaining me all formal procedures and rules, 
for support in every situation. I thank to all our present and past A and B group students for 





It would also like to thank my previous supervisor Prof. Aninda J. Bhattacharyya from 
Indian Institute of Science (IISc), Bangalore, India, for giving me the opportunity to work 
with him and guiding me towards my goal. Meanwhile, I also thank my previous colleagues 
from IISc: Dr. Shyamal K Das, Dr. Monalisa Patel, Dr. Konda Shiva Reddy, Dr. Soumit 
Shankar Mandal, Dr. Manu Patel, Dr. Sayantan Majumder, Dr. M. Gnanavle, Dr. Deepak 
Dutta, Dr. Rudresh, Santhos A.L, Suman, Subhra, Tamil, Rudra, Sneha, Poonam, Deena 
and Medha Shree for their support. 
 
I would like to express my sincere thanks to Dr. Bettadaiah scientist from CFTRI, Mysore, 
for giving me the opportunity to work with him and guiding me towards my goal. 
 
I thank to Dr. B.K. Kendagannaswamy, Dr. Shivaraj, Dr. Nagaraj (Naganna), Dr. Lokesh 
(NMR), Dr. Penki, Ashwin, Seena, Vijakumar, Vinutha K.R, Dr. Subrahmanyam Goriparti 
(USA), Dr. Vijakumar (USA) Dr. Chethan Sharma (Israel) , Dr. Sunil Kumar K.R (Japan), 
Dr. Harish M.N.K, Dr. Manjunth (CFTRI), Dr. Vijith Kumar (Italy), Dr. Laxman Gouda 
(Israel), Dr. Mallesh P.L, Dr. Naveen (South Korea), Gopinatha Reddy (Ballari), and Prof. 
S. Abraham John (Gandhigram Rural University, India) for extending their warm friendship 
and support. 
 
I am very fortunate to have several lifetime friends and classmates who have stood beside 
me in my all situation: Vishwanath H. M, Dr. Raghu Patel, Dr. Vijendra Kumara, Dr. 
Santhos Kumar, Shadakshari, M. C. Nadeesha, Dr. Kiran Kumar (Tamukur), Dr. Girish V., 
Naveen D.M, Nuthan, Channabasava, Basavaraja, Chethu (Pune) and all my native friends.  
 
I am truly grateful to Dr. Supti Das and Dr. Sachin Chaudhari for their support and valuable 
suggestion to writing manuscript and thesis. 
  
I would like to express my sincere thanks to all my bachelor and master degree friends. I 
am standing here today because of the persistent encouragement, support, and guidance of 
my family members and teachers. I will be indebted throughout my entire life to all those 
people who have given their support and encouragement to make this happen. 
 
It would also like to thank to Nagasaki cricket team members for their warm friendship. 
 
I would like to acknowledge Advanced Low Carbon Technology Research and 
Development Program of Japan Science and Technology Agency for the financial support 




I gratefully express my deepest appreciation to my parents, sister, and brother. At the end, 
I would like to thank my adorable wife Roopa Shree. She supported me in a very difficult 
situation in my life. I would not have completed my goal without her support and love. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
